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Abstract

First and second law analysis have been conducted for three low temperature driven ammonia-water absorption
cooling cycles with increasing internal heat recovery. Based on the results of exergy analysis the structural analysis
has been achieved. The obtained Coefficients of Structural Bonds (CSB) consider how the irreversibility of the
whole cycle is affected by a change in the irreversibility related to an efficiency improvement of a single
component. Trends for the different configurations are similar, while quantitative differences among the main heat
exchangers are considerable. The highest values of the CSB are found for the refrigerant heat exchanger. Also the
evaporator, the condenser, the generator and the absorber show values higher than unity. The lowest CSB’s are
obtained in the solution heat exchanger. In general, CSB’s decrease with increasing efficiency. That means that for
very efficient heat exchangers, a further improvement looks less attractive. The dephlegmator is an exception as it
shows a singularity of the CSB value due to its complex interactions with the other components. Once the CSB’s
are obtained for the main components, they can be used in the structural method of the thermoeconomic
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optimisation. This method enables us to find the optimum design of a component in a straightforward calculation.

Keywords: Absorption cycle, ammonia-water, exergy analysis, structural analysis.

1. Introduction

Combining thermodynamics and economics, the
thermoeconomic or exergoeconomic analysis can be
achieved (Kotas, 1995; Bejan et al., 1996; El-Sayed, 2003).
The objective of exergoeconomic optimization is the
minimization of the total cost, mainly composed of capital
and energy costs. In the field of refrigeration
thermoeconomic analysis was applied initially to
compression cycles (Wall, 1986; Dentice d'Accadia et al.,
1998; Dingeg¢ et al., 1999; Ferrer et al., 2001; Dentice
d'Accadia et al., 2004; Zhang et al., 2004) and later to
absorption cycles (Tozer et al., 1999; Sahin et al., 2002;
Misra et al., 2003; Misra et al., 2005; Misra et al., 2006;
Kizllkan et al., 2007).

One methodology used in exergoeconomic optimisation
is the structural method introduced by Beyer (1970 and
1974). It is based on structural coefficients, which show
how local irreversibilities in the components affect the
overall irreversibility rate of the cycle. The coefficient of
structural bonds (CSB) of a component ., which is obtained
by variation of a parameter x;, is defined as

ol
CSB, . =|—%-
v (ajk in—var (1)

where [ ‘ is the irreversibility rate of component £, and I ,

is the irreversibility rate of the whole cycle. Structural
coefficients show how the irreversibility of the whole cycle
and a single component are related. If a slight decrease in
the irreversibility of one component due to an increased
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efficiency causes a significant improvement in the total
irreversibility of the cycle (high CSB), it will be wise to put
much of the design effort in improving the efficiency of this
component. Otherwise (low CSB), an improvement of the
efficiency of the considered component is not worthwhile.
These coefficients can help us to determine for one selected
component of the system its optimum efficiency, for which
a minimum total cost is achieved (Kotas, 1995).

In the present study, this method will be applied to the
analysis of absorption cycles. The analysed cycles are
ammonia-water absorption cooling cycles with increasing
internal heat recovery. A similar approach has been applied
by Sézen (2001) for an ammonia-water refrigeration cycle.
Modelling starts with the first law analysis, followed by the
exergy analysis (Karakas et al., 1990; Ataer et al., 1991;
Best et al., 1993).

Once the irreversibilities of the components and the
whole cycle are evaluated, the coefficients of structural
bonds can be evaluated. Compared to a former study (Boer
et al.,, 2005), here the CSB’s are not constant, but their
dependence on the efficiencies is shown and their
behaviour is quantified and compared for different cycle
configurations. These CSB’s can be used in the structural
method of exergoeconomic optimisation (Beyer, 1974). The
final purpose is the design of more cost-effective absorption
cycles. The application of the CSB’s is described in
Kizllkan et al. (2007) and will be summarized briefly. More
details can be found in Kotas (1995).

The optimum efficiency specification for a component
will be determined in order to obtain the minimum annual
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operating cost. This operating cost is composed mainly of
the fuel and capital costs.

n
C.(x)=t,c0E,(x)+a" D Cf(x,)+b )
I=1

The first term of the right hand side represents the fuel
cost, the second one the capital investment amortisation and
the third one other cost factors that are not affected by the
optimisation, for example maintenance costs. The capital
recovery factor is given by

2= i(l-'l—z) 3)
(1+1)" -1
At the optimum point
ol ace
t ccCSB, —*=—q°—&
op~in ki ax ax (4)

i i

Equation (4) depends only on parameters of component
k, which is optimised. The interaction with the system is
taken into account by the CSB. oI, /dx, describes the
effect of the efficiency parameter x; on the irreversibility of
the component. OC; / 0x,
dependence of the component cost on x;. Both parameters
depend on the efficiency of the analysed component. From

equation (4) the efficiency that results in the lowest
operating cost C; can be obtained (Kizllkan et al., 2007).

takes into account the

2. Description of the cycles

For this study an ammonia-water absorption cycle has
been selected (Figure 1). Basic components are the absorber
(4), the condenser (C), the generator (G), and the
evaporator (E). The cycle is completed by the solution heat
exchanger (SHE), the dephlegmator (D) and the
rectification plates (R). To obtain the necessary pressure
changes, the cycles include the solution pump (P), the
refrigerant expansion valve (RV) and solution expansion
valve (SV).

For cycle I, the solution circulates between the absorber,
where the refrigerant is absorbed at low pressure, and the
generator, where the refrigerant is desorbed at high pressure
(state points 1 to 6). The strong solution leaves the absorber
(1), is preheated in the solution heat exchanger (3), and
enters the rectification column. The column has three
theoretical ~stages, which 1is sufficient in cooling
applications (Roriz et al., 2003). The feed enters in central
plate two. Vapour and liquid in equilibrium leave plate two
towards plates one and three, respectively, while saturated
liquid from plate three and saturated vapour from plate one
enter plate two. Temperature and concentration of ammonia
in the vapour increase from plate one to plate three. The
generator acts as the reboiler of the rectification column.
The weak solution (4) leaves towards the absorber. In the
dephlegmator, the necessary liquid reflux is obtained, while
the rest of the vapour (9) condenses completely in the
condenser (10). The condensate expands in the refrigerant
throttling valve, causing partial vaporisation (12), and
enters the evaporator. Due to the water content of the
mixture, the temperature increases during the vaporisation
process as the liquid contains less and less ammonia, which
is the more volatile component. Vaporisation in the
evaporator is only partial, as total evaporation would
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require too large of a temperature gradient. The cycle is
closed when the vapour with a small liquid fraction (13)
enters the absorber. Streams 15 to 22 are the external heat
transfer fluids (in all cases this is water), which deliver or
extract the heat to or from the cycle.

SHE

absorption  cycles  with

Ammonia-water
increasing internal heat recovery.

Figure 1.

Cycle II is similar to Cycle I except for the refrigerant
heat exchanger (RHE). In Cycle II after leaving the
condenser the condensate (10) is subcooled (11) in order to
supply heat for the partial vaporisation in the evaporator
(14).

An additional feature of Cycle III is a heat exchange
between the strong solution after the solution pump (2) and
the dephlegmator (D). Preheating the strong solution (7)
eliminates the use of cooling water in the rectifier.

3. Methodology of the simulation

A computer code for simulating the cycle has been
established using the Engineering Equation Solver EES
program. Properties for ammonia water are given by
Tillner-Roth and Friend (1998). Typical cooling operation
conditions are assumed as follows:

Evaporator cooling capacity 1000 kW
Temperatures:
Chilled water inlet/outlet (£) 12/6°C
Cooling water inlet/outlet (parallel
flow through 4 and C) 27°C/32°C

Int. Centre for Applied Thermodynamics (ICAT)



Hot water inlet (G) 90°C
Minimum temperature difference

in the dephlegmator D ISK
Minimum temperature difference

in the rest of heat exchangers 5K

The hot water outlet temperature in the generator is
adjusted to minimise the mismatch of heat capacity rates
(product of mass flow and specific heat) in the generator.
This means that the temperature differences between the
hot and cold streams are the same on the hot and the cold
sides of the generator (Kotas, 1995). In the same way the
degree of evaporation in the evaporator is chosen to obtain
the same temperature difference at the inlet and outlet of
the evaporator.

The main assumptions are:

- Steady state.

- Heat losses are not considered.

- Pressure losses are not considered.

- The refrigerant leaving the condensers is saturated
liquid.

- The mass exchange efficiencies in absorber and
generator are 0.9.

- The liquid and vapour leaving the
rectification plates are in equilibrium.

- The solution and refrigerant valves are adiabatic.

- The pump efficiency is 0.6.

adiabatic

Modeling starts with a first law analysis. Steady state
mass and energy balances for the components of the cycles
are established as follows:

Global mass balance:

Siin, = S, 5)
Mass balance for ammonia:

2mz, =2m,z, (6)
Energy balance:

0=Q-W+ ih = m,h, ™
For adiabatic components the energy balance is:

Zrivh, = S h, + W (8)

The mechanical power only appears in the energy
balance of the pump. The mass exchange efficiency for
absorber and generator takes into account that
thermodynamic equilibrium is not totally reached at the
outlet (Ataer et al., 1991) and is defined as:

(Zi _Ze real
&y = 9
(Zi - Ze)equi/ibrium ( )
The coefficient of performance (COP) is defined by the
cooling output divided by the driving heat input.

COP = 1y (hy, — h21)
’hn(hlx _h17)

The driving heat is delivered by the hot water. The
subscripts in Eqns (10) and (16) correspond to the
numeration of state points presented in Figure 1. The
general exergy balance is given by Kotas (1995):

(10)

Int. J. of Thermodynamics (1JoT)

0=>" (1—%)Q’,.—W+z e, — Y. ne, —1 (11)
Considering components as adiabatic, the above

equation can be simplified as

e, = e, +W+1 (12)

Specific exergy (Eq. 13) considers only the physical
exergy (Jonsson et al., 2000). The chemical exergy of water
and ammonia cancels out in the exergy balances as entering
and leaving quantities are the same (Kotas, 1995). Mixing
entropy has already been taken into account in the
calculation of the entropy of the mixture.

e=h-h - Ty(s-s,) (13)

The properties indicated with the subscript 0 refer to the
environmental state, which is taken as 25°C and 1 bar.
Using exergy flow rates

E =rme (14)
it follows
SE =3XE +W+1 (15)

Irreversibilities are obtained from the exergy analysis.
The resulting equations for the different components are
given by Karakas et al. (1990). The exergy efficiency is
defined as the useful exergy output divided by the required
exergy input. For the cycle the exergy input is given by the
reduction of the exergy flow of the external heating fluid in
the generator and the pump work. The exergy output
produced in the evaporator is given by the increase in the
exergy flow of the chilled water.

1, (e, _6222
ny(eg —e; )+ Wp

(16)

ump

The output data obtained are:

- The pressures, temperatures, concentrations, mass flows,
enthalpies, entropies and exergies of each state point of
streams.

- The thermal or, in the case of the solution pump,
mechanical power and irreversibility rate of the main
components.

- The COP and the exergetic efficiency.

Once the irreversibilities of the components and the
whole cycle have been determined, a parametric study can
be achieved. The UA values in Table 1 correspond to
minimum temperature differences A47,,; in the heat
exchangers for the base case taken as 5 K, except for the
dephlegmator, where it is 15 K. UA values for all
components are maintained constant (Boer et al., 2005),
except for the one which is analysed. For this selected
component, the minimum temperature difference is varied,
which results in a variation of UA. The variation of AT,,,
for any component is typically between 1 and 10 K, if
operation is feasible, except for the dephlegmator where
variations were achieved between 5 and 30 K. This range is
limited by the operating conditions in order to avoid high
solution flow ratios of operation with low performance. As
a result, the influence of the heat transfer efficiency of this
component on its own irreversibility and also on the
irreversibility of the whole cycle is evaluated. These data
can be used to determine the CSB (Eqn. 1) for a given set of
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Table 1: UA Values Corresponding to the Fixed AT, in Table 3: Conditions for Cycle II.
; H s

the Base Case. State| T | P z m e E
Cyale Point | [C] | [bar] | [ke kg"] | [kes']| (K ke"] | [kIkg'K"] | [kikg'] | [kW]
Component . - | - 1 |32 |4453] 0513 | 8771 | 72.06 1.025 2731 | 2396
2 [32.6]1429] 0513 | 8.771 | 73.28 1.025 287 | 2517
UA [kW/K] 3 [747]1429] 0513 | 8.771 | 2734 1.638 46.08 | 4042
A 269.2 264.3 2334 4 |85 ]1429| 046 | 7.914 | 2993 1687 | 5728 | 4533
C 144.8 136.3 136.5 5 376]1429| 046 | 7914 | 7744 1.026 3264 | 2583
G 318.5 299.8 297.6 6 [37.8]4.453] 046 7914 | 7744 1.029 315 | 2493
E 131.4 131.4 131.4 9 | 47 [1429] 0999 | 0.857 | 1666 5.766 2074 | 1777
D 6.2 59 73 10 |37 |1429] 0999 | 0.857 | 518 2.07 162 | 1387
RHE . 63 64 11 [228)1429] 0999 | 0.857 | 4493 1.843 1609 | 1378
SHE 1546 2395 2295 12 | 1 |4453] 0999 | 0.857 | 4493 1.862 155 | 1328
13 | 7 |4453] 0999 | 0.857 | 1617 6.118 5348 | 4581
operating conditions, which is the main objective of this 14 132 144531 0999 | 0857 | 1685 6354 S198 | 44.53
analysis. 15 [27] 1 0 68.16 | 1133 0395 0.028 | 1.903
16 [32] 1 0 68.16 | 1342 0.464 0338 | 23.05
4. Results 17 190 [1702] 0 [36.104| 377.1 1.193 26.05 | 940.4
4.1 First and second law analysis 18 [80.1]1.702] 0  [36.104| 335.6 1.077 19.09 | 6892
Results of the energetic analysis for the different state |2 {271 ! 0 1470291 1133 | 0395 | 0028 | 1313
points are presented in Table 2, 3 and 4. The corresponding 20 1321 1 0 147.029| 1342 0.464 0.338 | 1591
thermal or mechanical power of the components are given 2l 121 1 0139711 5051 0.181 1222 | 4854
in Table 5. 2 | 6| 1 0 39.71 | 2532 0.091 2652 | 1053
The exergy balances have been achieved for the 23 1271 1 0 4.886 | 113.3 0395 | 0.02792 | 0.1364
different components in order to obtain the irreversibilities 24 |32] 1 0 4.886 | 134.2 0464 0.3382 | 1.652
(Table 6). For all cycles, the highest irreversibilities were Table 4: Operating Conditions for Cycle I1I.
found in the solution heat exchanger (SHE) followed by the  [S@e[ T | p . s h S E i
Zl;sl(;;z:r(é);,).the evaporator (E) the condenser (C) and the point| 101 | [bar | e e ] | ey | ke | 1o ke | piee] | pews
The irreversibilities of the solution expansion valve (SV) ; 33226 sz g;j z;zz 223 13; 2278'371 j;?j
and the dephlegmator (D) were less important. The — ) ) ; - ) -
irreversibility of the refrigerant expansion valve (RV) is 3 a9 1429] 0513 | 8769 | 276 L64] 462614056
considerably reduced by the introduction of the refrigerant 4 185 11429 046 | 7912 | 2993 1687 2728 14532
heat exchanger (RHE). The refrigerant heat exchanger > 40141429 046 | 7912 | 8875 1.062 33.14_1262.2
(RHE) and the rectification (R) contribute less to the 6 1402144521 046 | 7912 | 8875 1.066 3201 12533
irreversibilities.  Irreversibilities in  the  adiabatic 7 1351114291 0513 | 8769 | 847 1.062 29.03 12546
rectification plates were low and caused by mixing of |2 [47.611429] 0999 | 0856 | 1668 3.772 2075 11778
streams with different temperatures and concentrations. 10 | 37 |1429] 0999 | 0856 | 5179 2.069 1619 |1386
11 [22.6]1429] 0999 | 0.856 | 448.6 1.84 1608 | 137.7
) N 12 | 1 [4452| 0999 | 0.856 | 448.6 1.86 155 |132.7
el 1 Tabf)e 2: Oferatmg Condétzonsfosr Cycleel. i 13 | 7 |4452] 0999 | 0.856 | 1616 6.117 5348 | 4538
m E 14 | 32 [4452] 0999 | 0.856 | 1686 6.354 5196 |44.51
Point| [C] | [bar] |[kgke™]| [kes'] kS ke™]| kI ke 'K™] | (kI kg™]| (kW] 15 [27] 1 0 |72443] 1133 0.395 0.028 |2.023
1 32 4.452 0.513 9.321 72.05 1.025 2731 | 254.6 16 | 32 1 0 72.443 1342 0.464 0.338 245
2 32.6 | 1429 | 0.513 9.321 73.27 1.025 28.7 267.6 17 | 90 |1.702 0 36.039 | 377.1 1.193 26.05 |938.7
3 74.7 | 1429 | 0.513 9.321 273.4 1.638 46.09 | 429.6 18 [80.2|1.702 0 36.039 | 3358 1.078 19.12 | 6892
4 85 14.29 0.46 8.411 299.3 1.687 57.28 | 481.8 19 | 27 1 0 47.11 1133 0.395 0.028 |1.315
5 37.6 | 14.29 0.46 8.411 77.43 1.026 32.64 | 2745 20 | 32 1 0 47.11 1342 0.464 0338 |[15.93
6 37.8 | 4452 0.46 8.411 77.43 1.029 31.5 264.9 21 12 1 0 39.71 50.51 0.181 1222 |4854
9 47 14.29 | 0.999 0.91 1666 5.766 2074 | 188.8 22 6 1 0 3971 2532 0.091 2652 |1053
10| 37 | 1429 | 0999 | 091 | 518 2.07 162 | 1474
12| 1 | 4452|0999 | 091 | 518 2.113 149 | 135.6 Table 5: Thermal or Mechanical Power
13| 7 | 4452 | 0999 | 091 | 1617 | 6119 | 5348 | 48.67 Jor a Fixed Cooling Capacity.
15 27 | 1 0 | 69434 | 1133 | 0395 | 0.028 | 1.939 Cycle
16 | 32 1 0 | 69434 | 1342 | 0464 | 0.338 | 23.48 Component r o [ mw
17| 90 | 1702 | o | 38371 | 3771 | 1193 | 2605 | 999.5 Power [kW
18 [ 80.1 | 1702 | 0 | 38371 | 3356 | 1.077 | 19.09 | 7325 A 1431 1425 1514
19| 27 1 0 4997 | 1133 | 0395 | 0.028 | 1.395 ¢ 1044 983 985
20 | 32 1 0 4997 | 1342 | 0464 | 0338 | 169 G 1593 1499 1488
21 | 12 1 0 3971 | 5051 | 0.181 122 | 48.54 E 1000 1000 1000
2| 6 1 0 3971 | 2532 | 0091 | 2.652 | 1053 D 109 102 100
23 | 27 1 0 5192 | 1133 | 0395 | 0.028 | 0.145 RHE 9 9
24 | 32 1 0 5192 | 1342 | 0464 | 0338 | 1.756 SHE 1866 1756 1666
P 19 18 18
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Table 6: Irreversiblities.

Cycle

Component 1 | I | I

Irreversibility [kW]
A 37.46 33.10 35.78
C 25.87 24.35 24.49
G 13.36 12.57 12.42
E 30.17 30.20 | 30.17
D 9.29 8.75 7.34
RHE 2.23 2.24
SHE 45.24 42.57 [39.95
P 5.93 5.58 5.58
RV 11.83 5.03 4.99
SV 9.61 9.04 8.99
R 1.68 1.58 1.48

The main source of irreversibilities is the temperature
between hot and cold streams. Irreversibilities for SHE are
high due to the low generator temperature. The
concentration difference between weak and strong solution
is small and solution flow rates large. Results agree with
Best et al. (1993), except in the generator. In our case the
generator shows lower irreversibilities, as the mismatch of
the heat capacity rates has been minimized.

Heat integration affected the irreversibilities in the
following way. The main effect of the refrigerant heat
exchanger (component RHE in Cycles Il and III) was a
strong reduction in the irreversibility of the refrigerant
expansion valve due to the change in working conditions.
The refrigerant valve inlet temperature (state points 10 and
11 for Cycles I and II, respectively) decreased from 37°C to
about 22.8°C, thus reducing the enthalpy #4;, in the
evaporator inlet from 518 kl/kg to about 449 kJ/kg. This
led to an increase in the enthalpy difference in the
evaporator and, for a fixed cooling power, the refrigerant
mass flow decreased from 091 kg/s to 0.857 kg/s.
Consequently, the solution flow rate also decreased. The
reduction of the irreversibility in the refrigerant valve is
greater than the irreversibility added by the refrigerant heat
exchanger. The irreversibility of absorber (4) decreased
because the vapour (14) entered with less difference in
temperature with regard to the solution (6) and the mixing
took place at a more uniform temperature. Because of the
reduction in the mass flows, all irreversibilities were
generally smaller.

The combined solution preheater and dephlegmator
(component D in Cycle III) irreversibility in the solution
heat exchanger was also reduced by preheating of the
solution. The strong solution entered the solution heat
exchanger at 35.1°C (T;) compared to 32.6°C (75) in Cycle
II. At the same time, however, T increased from 37.6°C in
Cycle II to 40.1°C in Cycle III, and thus increased the
absorber irreversibility. Thus, the reduction of
irreversibility in the dephlegmator and solution heat
exchanger is partially compensated for by the increase in
the absorber.

These reductions in irreversibilities due to the better
heat integration improved the COP and the exergetic
efficiencies ¥ of the cycles (Table 7). The refrigerant heat
exchanger had a greater effect (+6%) than the solution
preheating (compared to Cycle II less than 1%).

Int. J. of Thermodynamics (1JoT)

Table 7: Energetic (COP) and Exergetic Efficiencies (V).
1

Cycle 11 111
COP 0.628 0.667 0.672
Increase of COP compared to Cycle I - 6.2 7.0
(o)
k4 0.199 0.211 0.212
Increase of ¥ compared to Cycle I (%) - 6.0 6.5
4.2 Grassmann diagrams

The exergy flows and irreversibilities can be

represented in graphical form. The Grassmann diagram
(Szargut et al., 1988; Kotas, 1995) can be used to illustrate
cyclic processes and their components with their
corresponding irreversibilities, the exergy flows and the
recirculation of exergy in the cycle. The inlet exergy flow is
on one side of each component, and in the component itself,
part of this exergy flow is degraded due to irreversibilities.
On the other side of the component exergy flows are
leaving. Each component represents a graphical exergy
balance and shows how part of the exergy input is lost in
the successive energy transformation in the cycles. The
widths of the lines are proportional to their exergy flow.
This type of diagram already has been employed for
absorption cycles (Anand et al., 1984; Szargut et al., 1988;
Jeong et al, 2003). The thermal exergy flows
correspond to the change in the exergy flow rate of the
external fluids.

Figure 2 represents the exergy flows of Cycle 1. The
description starts with the external heat and exergy transfer.
The exergy input £ represents the reduction in hot water
exergy and the exergy output E<; represents the increase in
chilled water exergy. The exergy flows E¢,, E% and E9)
are dissipated by the cooling water.

Figure 2. Grassmann diagrams of Cycle 1.

With regard to the cycle itself, on the right side is
situated the solution circuit with the strong solution (points
1 to 3) and the weak solution (points 4 to 6). The exergy
input to the cycle is given by the thermal exergy E<%;
supplied to the generator and the pump work Wp. This
exergy is used to increase the exergy of the solution (points
3 to 4) and generate vapour flow V_;. In the dephlegmator
thermal exergy E9), is dissipated and a reflux L_; is created.
In Figures 2, 3 and 4 the exergy destruction in the rectifier
is included in the exergy destruction in the generator and
the dephlegmator in order to simplify the figure. The
vapour (point 9) enters the condenser, where again thermal
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exergy E9 is dissipated. The refrigerant passes through the
refrigerant expansion valve and enters the evaporator,
where the useful thermal exergy output E2; is produced.
The vapour (point 13) enters the absorber, where the
refrigerant joins the solution circuit and the thermal exergy
E?, is dissipated. The strong solution exergy is increased in
the solution heat exchanger (points 2 to 3) while the weak
solution exergy is reduced (points 4 to 5). It can also be
observed that the irreversibilities in the solution pump and
solution expansion valve are relatively small.

In the Grassmann diagram for Cycle II (Figure 3), the
refrigerant heat exchanger has been added. A new loop for
the refrigerant flow is therefore added on the left hand side.
The lines representing the exergy flows are slightly
narrower than for Cycle I due to the reduction in the mass
flows. In the Grassmann diagram for Cycle 11l (Figure 4),
the cooling of the dephlegmator by cooling water is
replaced by a heat exchange, which preheats the strong
solution. The dissipation of the thermal exergy flow E% is
therefore eliminated. The vapour flow V_; and the strong
solution 2 should enter on the same side but in order to
obtain a clearer presentation an exception has been made in
this case.

Figure 4. Grassmann diagrams of Cycle III.

4.3 Structural analysis

Once the irreversibilities are obtained, it can be checked
how a change of the irreversibility of one component
affects the rest of the cycle. In the component, where the
minimum temperature difference is modified, the
irreversibility increases with a higher minimum temperature
difference. For the other components the irreversibilities
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can increase or decrease depending on the interactions
among the components.

The analysis starts with the absorber. The minimum
temperature difference AT, ,,;, between solution and cooling
water is modified. In Figure 5 can be observed how the
irreversibility of the absorber and of the other components
are affected. As AT,,; Iincreases, the concentration
difference between weak and strong solution decreases. In
order to maintain the cooling capacity, the solution flow
rate has to increase. As a direct consequence, the
irreversibilities in the solution heat exchanger, the
generator, the solution valve and the pump increase. This
effect is more accentuated at temperature differences above
5 K, in which case as the absorber AT, increases the
irreversibility of all components increases. Figure 5 also
shows that the irreversibilities of the absorber and solution
heat exchanger are the main contributors to the total
irreversibility, followed by the evaporator and condenser.

80

70}
60}
50}
40}
30
20}

Irreversibilities [kW]

10§

0 L L
1 2 3 4 5 6 7 8

ATA,min [K]

Figure 5: Irreversibilities due to a variation of absorber
minimum temperature difference for Cycle I.

Figure 6 presents the total irreversibility of the whole
cycle versus the irreversibility of the absorber due to the
variations of AT,,;, for the cycle configurations considered.
The trends for the different cycle configurations are similar,
although there are slight differences among the values and
slopes of the curves.

280 ‘ ‘
260! —-—Cycle |
——Cycle Il
E 2401 -—-Cycle Il
z 220}
.= 200t
180
160} /:;f//
140 -7
120 ‘ : ‘ ‘ ‘ ‘ : :
15 20 25 30 35 40 45 50 55 60

Ia [kW]
Figure 6: Total irreversibility change versus absorber

irreversibility for change of absorber minimum temperature
difference.

These observations will be quantified by the CSB’s as
they correspond to the slope of the curves representing the
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total irreversibility versus the irreversibility of the absorber.
Their values are determined by application of Eqn. 1. For
the absorber case, such an equation can be rewritten as:
Al
CSB, ., = - 9)
ALy Al

A4 JAT, min =vVanUA(comp=A)=const

Values of the CSB for the absorber for the three
configurations cycles are presented in Figure 7. At higher
AT, the CSB’s are higher. This means that the benefit of
increasing the efficiency of a less efficient heat exchange is
higher than for an already efficient heat exchanger with a
low AT,,;,. If the value of the CSB is lower than one, the
reduction of the irreversibility of the component under
consideration is offset by an increase in the irreversibility of
the other components. This means that a further
improvement of this component is not worthwhile. Cycles I
and II have very similar values of CSB’s, while cycle III
has lower CSB’s for minimum temperature differences
below 6 K. In the considered range CSB values are between
1.7 and 4.5. This means that in all cases a reduction in the
irreversibility of the absorber is accompanied by a greater
reduction in the cycle’s total irreversibility. The change in
the slope at a A4T,,;, of about 4.5 K corresponds to the point
where the AT,,;, shifts from the hot to the cold side of the
heat exchanger. The same phenomenon explains also
sudden shifts in the slopes of the CSB’s for other
components. Once the dependence of the CSB’s of the
component efficiencies are obtained, we can apply Eqn. 4
to determine the optimum efficiency, which results in the
lowest operating cost.

5
/
4,5 —Cyclel / J
——Cycle ll
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& 35 ]
<
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Figure 7: CSB for the absorber.

The same procedure is applied to the other main
components of the different cycles in order to obtain the
corresponding CSB’s (

Figure 8). Comparing the different configurations, very
similar values for cycles I and II are found, while values for
cycle III are generally slightly higher.

Comparing the different components, the highest CSB
results are for the refrigerant heat exchanger. Even at small
temperature differences values are still much higher than
unity. The condenser and evaporator have similar CSB’s
with values above two. For the generator and solution heat
exchanger it seems less interesting to improve their heat
transfer efficiencies once AT,,, is below 5 K, as in this
range CSB’s are near unity. The dephlegmator shows a
totally different behaviour with a singularity. While at
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minimum temperature differences above 15 K CSB’s are
negative, they change to positive values for lower AT,,;,.
This means that we should operate at a AT,,;, between 10 to
15 K. For lower A47,,;, the CSB approaches zero and further
improvement makes no sense. These different tendencies
are due to the strong interactions of the dephlegmator with
the rest of the cycle. As the heat exchange efficiency
improves the leaving ammonia becomes more pure, but
there is an increase in other parameters, namely the heat
which has to be dissipated, the temperature difference along
the rectification column, and the reflux.

The interactions between the different components can
be better understood observing the changes in the
irreversibilities in detail. Table 8 represents the effect of the
improvement of one component on the irreversibility of the
other components for the three cycle configurations. For
each component changes in irreversibilities are presented in
two columns, the left in kW and the right in %. The values
correspond to the differences of the irreversibility for AT,
of 1 K and 5 K, except for the dephlegmator (5 K and 30
K). A positive number represents an improvement, which is
a reduction in irreversibility. Moreover, there is also a
positive interaction if the reduction in the irreversibility of
one component also causes a reduction in the irreversibility
of other components. A grey background marks the effect
on the component itself. A bold number indicates an
important improvement (>10%), while an italic number
corresponds to strong losses (>10%).

The reduction of the AT, of all main components
(absorber, generator, evaporator and condenser) affects the
pressures and concentrations and leads to a reduction in the
solution mass flow ratio. As a consequence, the
irreversibility of the solution heat exchanger SHE is always
reduced. This also benefits other components of the
solution circuit such as the pump P and the solution
expansion valve SV.

An improvement of the absorber 4 reduces the solution
flow rate and irreversibilities of all components in the
solution circuit, including the rectification column and the
generator. The same effect occurs with the condenser. As
its AT,,;, decreases, the high pressure of the cycle is reduced
and the solution leaving the generator is weaker in
ammonia. The irreversibilities in all components except the
absorber are reduced.

The irreversibility is given by the difference between
exergy input and exergy output. For the absorber we obtain
(for Cycle I):
[AZ[E6+E13_E1]_[E16_E15] 17)

As the heat dissipation increases, the amount of exergy
output [El . — E,5 | through the cooling water increases. As

the solution flow rate increases, higher exergy flow rates of
the solution circuit are obtained. But the exergy of the
leaving strong solution £, increases more than the exergy

of the entering weak solution E6. So, the exergy input
[E'6 +E, _El] becomes smaller. Consequently the

irreversibility of the absorber decreases.

If in the generator AT,,;, decreases the weak solution
outlet temperature increases for a fixed hot source
temperature. Also, the temperature difference along the
rectification column and its irreversibility increases. On
the other hand, the component for which a decrease in
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irreversibility results in a decrease in irreversibiilties in all
weak solution becomes weaker in ammonia and the
solution flow rate decreases, which in general decreases
the irreversibility of the other components of the solution
circuit.

In the evaporator case, a reduction in the A7,,;, increases
the refrigerant temperature for given temperatures of the
chilled water. The low pressure of the cycle and as a
consequence the strong solution concentration of ammonia
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in the absorber will increase. Due to the higher driving
forces for the mass transfer the irreversibility of the
absorber increases. The irreversibility of the rectification
column increases as the irreversibility on the first plate
above the generator mixes liquid and vapour with a higher
concentration difference. The irreversibilities for the other
components of the solution circuit decrease as the solution
flow rate decreases.
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Figure 8: CSB for the main components.
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Table 8: Interactions Between Components (Values Correspond to the Differences of the
Irreversibility for AT, of 1K and 5K, Except the Dephlegmator (5K And 30K)).

Effect of the improvement of
onthe A c G E RHE | SHE
irreversibility of
KW % | kKW ] % | KW] % | kW] % kW] % | kW] %
R -0.2|-12(-0.1] -4 [ -0.3]-16| -0.3|-16 02113
A 94| 25]|-89(-24|-49|-13|-56|-15 291 -8
C 03] 1]126]49]|-02| -1) 06| 2 -04] -2
G 23117 43]32]123| 92| 35| 26 41| 31
o |E 0 0f[01] 0 0 0 [15.6] 52 0110
S |D 0819108 8]-07|-7]12]13 -1.3]-14
O |RHE
SHE 13.1]1 29 |14.8| 33| 6.8 | 15]120.2| 45 16.2| 36
P 0417|3457 1412411119 -041] -8
RV 0 02521 O 0f|25]21 0 0
SV 24125]136 (37| 15|16 3.7 | 39 -2.11-22
Cycle 285 15 33 17 159 8 423 22 13.3 7
R -0.2]-12(-01] 4|-03]-16]|-0.2|-16] 0 | -0.1]| 0.2 | 13
A 88|27 |-86|-26|-46|-14|-6.2(-19] 0| 0.1 [-2.7] -8
C 02] 1]118|48|-02|-1)102| 1]04]15|-04] -2
G 221171 38|30]116] 92| 3 | 24104 32| 39| 3
— |E 0 0f[01] 0 0 0 [156]52| 0| 0 |01| O
o |D 08| 9)07|8]|-06]|-7] 1 [12]01]0.7]-1.3]|-14
(%- RHE 0 1 -1106|25[0.4]15.9
SHE 12.31 29 |113.6( 32| 6.4 | 15|18.6| 44]0.9] 2.2 | 15.3]| 36
P 047 |32|5|13|24) 1 [17]0.1] 23 |-04] -7
RV 0O |-1f{11]21| O 0[08]17(0.71134] O 1
SV 23]125]33]|36)14]|16] 3.4[38]0.2] 1.9[-2.1]-22
Cycle 26.7 15 293 17 151 9 37.7 22 32 18 127 7
R -0.7|-44(-01] 4|-02]-15]-02(-13] 0 | 0.3 | 0.3 | 19
A 158]) 44| -6.1|-17| -3 | -8 |-27| -8 10.2] 0.5|-06] -2
C 09| 4 |1116|47]|-03|-1] O 01041 15]-13]| 4
G 25120 4 | 32115, 93| 3 |25]|05]| 38| 38| 31
— |E 011 0|01 O 0 0156|1521 0| 0 [01] O
o |D 041 5]|11115]-03| -4)15(21]0.1] 08 |-06] -8
S [RHE 011 5 0 |-1]05|24]04] 16 |-0.1] -3
© [sHE 1561 39|13.71 34| 75| 19118.3| 46 |1.2]| 29 | 14.2| 36
P 02| 4131|5513 |24]|08|15({0.1] 24]-03( -5
RV -01]-2(11]122( 0 1109]|17]0.7(13.5] 01| 1
SV 33]137135]39[16]18] 38]|42]0.2] 2 |-1.6]-18
Cycle 38 22 325 19 182 11 416 24 36 21 14 8

A component for which a decrease in irreversibility
results in a decrease in irreversibiilties in all components is
the refrigerant heat exchanger. Not only is this
component’s irreversibility reduced if A47,,;, is reduced, but
also there is a considerable reduction in the irreversibilities
of the refrigerant valve and solution heat exchanger. One
way to explain this effect is that for a fixed cooling
demand, if the refrigerant heat exchanger is more efficient,
the enthalpy of the refrigerant entering the evaporator
becomes lower, while the evaporator exit enthalpy remains
constant. Therefore a lower refrigerant mass flow is needed
for a given cooling power. This induces a reduction in all
mass flows in the cycle. As a consequence, a strong
reduction in the solution heat exchanger irreversibility is
found. These high values of CSB appear both for Cycles II
and III. As the thermal power of the refrigerant heat
exchanger is only small, its effect on the total irreversibility
remains limited to 7 to 8 %.

The improvement of the solution heat exchanger in
Cycle I and II has a small impact on the other components
except the generator and the rectification column due to the
increase of the solution temperature entering the
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rectification plates. This is reflected by lower CSB values
than in Cycle III.

In general strong interactions between the components
can be observed, which in general cannot be quantified
easily. Since CSB values depend on the components, their
interactions with the rest of the cycle and the operating
conditions, their use simplifies exergy analyses as direct
positive or negative interactions can be found observing the
value of the CSB’s. It can be concluded that the CSB'’s are
helpful parameters, which enable us to better understand the
behaviour of absorption cycles and offer a possibility to
gain more insight in the thermodynamics of absorption
cycles. Furthermore they can be used in economic
optimisation.

5. Conclusions

Energy, exergy and structural analyses have been
achieved for different configurations of ammonia-water
absorption cooling cycles. The exergy analysis determines
the irreversibilities of the different components and the
whole cycle. But irreversibilities alone do not indicate how
to improve the cycle in order to obtain the largest benefit.
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To do so, the structural analysis using the coefficients of
structural bonds (CSB) is applied. The CSB’s indicate how
the irreversibility change in one component affects the rest
of the system. This analysis includes a variation of the
minimum temperature difference AT7,,;, or U4-value of one
component, while the UA-values of the other components
are fixed. In this way, the effect on the irreversibility
change in all the considered components of the whole cycle
can be quantified by the CSB’s. They are different for each
component and cycle configuration and also vary with the
AT, or UA-value.

Results show, as expected, that it is more beneficial to
improve less efficient components with high A7,,;, or low
UA-values rather than components which already operate
with low AT,,;,. The components with the highest impact on
the cycle as a whole are identified, and the refrigerant heat
exchanger has the highest CSB values. Values which are in
general significantly higher than unity can be seen in the
evaporator, the condenser, the generator and the absorber.
Values around unity are found for the solution heat
exchanger. The dephlegmator shows a different behavior
due to its strong interactions with the rest of the cycle.
Differences between the cycle configurations are generally
small.

In summary, once the exergy balances for a cycle have
been established and the irreversibilities have been
obtained, the structural method presents a useful method for
better understanding and quantifying the interactions in the
cycle. With the CSB, the most cost-effective cycle for a
given set of operating parameters can be obtained.
However, as is presented in Eqn. 8 the optimum efficiency
values of each component depend also on the energy cost
and the capital investment and the annual operation time.
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Nomenclature
a Capital recovery factor (-)
b° Part of the annual operation cost which is not

affected by the optimisation (€)

in— Unitary cost of input exergy (€/kWh)
Cy,;  Unit cost of irreversibility (€/kWh)

Clc Capital cost of the component 1 (€)

C, Annual operation cost (€)
Coefficient of performance (-)
Coefficients of structural bonds (-)
Specific exergy (kJ kg™)

e
E  Exergy flow (kW)

E Input exergy flow (kW)

h Specific enthalpy (kJ kg™)
i Interest rate (-)

1 Trreversibility (kW)

Tt Mass flow (kg s™)

n Years of repayment

p Pressure (bar)

s Specific entropy (kJ kg K™)
top Annual operation time (h)
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T Temperature (°C or K)
UA  Product of heat transfer coefficient and heat

transfer area (kW/K)

W iy Pump power (kW)

X; Parameter in the efficiency variation of the CSB

z Mass fraction of ammonia (kg/kg)
Greek letters

AT, Minimum temperature difference in a heat

exchanger (K)

Sri Capital cost coefficient (€/kW)

v Exergetic efficiency of the cycle (-)
Subscripts

i inlet

e exit

k component k

t total

0 environmental state (25°C, 1 bar)
Components

A Absorber

C Condenser

D Dephlegmator

E Evaporator

G Generator

P Solution pump

R Adiabatic rectification plates

RHE Refrigerant heat exchanger
RV Refrigerant expansion valve
SHE Solution heat exchanger

SV Solution expansion valves
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