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THERMOECONOMIC ANALYSIS AND OPTIMIZATION OF A GAS
TURBINE PLANT COMBINED WITH AN ABSORPTION UNIT

Maurizio De Lucia, Carlo Carcasci
Dipartimento di Energetica "S. Stecco"
Universita di Firenze
Firenze, ltaly

Antonio Matucci

C.R.ILT. Srl
Prato, ltaly

ABSTRACT Ce capital cost

The aim of the paper is to study the performance of a power ce unitary exergetic cost as heat
plant for the combined production of electrical, thermal and cooling cf unitary exergetic cost as fuel
thermal energy. Ct exergetic cost as fuel

The exergy analysis was developed from the system's operating Ct,  fuel cost per volume unit: $/Nm?
conditions measured in a previous experimental phase, and allowed cs unitary service cost (maintenance and running)
description and quantification of causes of efficiency loss in the plant. Cs service cost: (maintenance and running)

The following thermoeconomic analysis, based on the exergy ct total unitary cost per exergetic unit produced
balance, allowed appraisal of the actual costs of each component and Ct - total cost (Cf +Co+ Cs)
g;j?;zl_e optimization of the plant for higher efficiency and cost Ea Pscfu] shuarm exergy produced by heat TeioV e BOMEE

The thermoeconomic results lead to a better understanding of the E: g;gj’i?ﬁy “?ztl;if:xer roduced by absorber
influence of off-design operating conditions on the performance of L 66 Iossin gb %y produced by
the whole plant and on this basis further improvements and 4 GXCGICOHC 105310 bsoroer )

s . Leaux exergetic loss in auxiliary boiler
modifications are envisaged. L b Tsand bi ritEs ShaniE

Three modifications of the plant layout are described and it cxergetfc 0SS et WIbine CAMbUSIon. Cram per
discussed, in greater detail for the most promising of them, i.e. Lel  exergetic loss at first compressor stage

ol e . ; P = Un S, L6, Le2  exergetic loss at second compressor stage

compressor inlet air cooling with absorber excess cooling power e 8 P €

. Le expansion exergetic loss
production. . 3 :
Leco exergetic loss in economizer
Leva exergetic loss in evaporator
Lgen exergetic loss in generator

Results show that this solution is particularly effective in the
present case, not only from the energetic point of view, but, as is not
always the case, also form the economic one.

5 e s X [ i i int i
The smpicetion of wemseusmi gl B G f SRR TSRS Sels
pharmaceutical factory under study has the aim of identifying those gelc 0SS 1 . oE €
A 3 - : Lsc  exergetic loss in last hot gas side exchanger
components which have the highest cost quantifying losses in cost ; ;
e Lst exergetic loss in stack

Wel  electric power
Wg  electric power produced by gas turbine

1 efficiency
NOMENCLATURE
¢ unitary cost connected with exergetic loss
ce unitary capital cost

Presented at the International Gas Turbine & Aeroengine Congress & Exhibition
Orlando, Florida — June 2-June 5, 1997
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PLANT DESCRIPTION

The plant, described in detail by De Lucia et al. (1997), is
located in a pharmaceutical factory near Frosinone in Central Italy. It
was initially composed of five compression cooling units and two
boilers. With the aim of reducing energy consumption, in 1994 a
cogeneration system was built. A gas turbine cogeneration plant for
production of power and thermal energy was coupled with a two-
stage absorption unit, fueled by the steam produced in HRSG, for
production of cooling thermal energy. The plant layout is shown in
Figure 1,

The turbine is a heavy-frame gas turbine with a net electric
power of 1000 kW in ISO conditions, and it has a two-stage
centrifugal compressor with interrefrigerator.

Interrefrigeration is carried out by two heat exchangers. The first
one supplies superheated water at 120-130°C. The remaining thermal
energy, being at a temperature too low for use in the industrial
processes, is dissipated in the second heat exchanger.

The HRSG on the exhaust gases has a single pressure level and is
a vertical type one with water tubes, At the boiler exit, a further low-

temperature recuperator on the gas circuit is for hot water (85°C)
production for sanitary and ambient heating purposes.

Steam produced in the recovery boiler is used both for industrial
processes and as a hot source for the absorber unit. When recovery
boiler production cannot totally satisfy high steam demand two
auxiliary gas-fueled boilers are used, which could supply all steam
requirements, in case of cogeneration plant faults or during
maintenance periods.

The absorption cooling unit designed for production of cooled
water down to 7°C starting form 12°C is a two-stage machine, using
steam at § bar and 180°C as high temperature heat source, 3

The absorber is connected to two basins with a capacity of 75 m
each, one containing “hot” water returning from the process, the other
containing “cold” water from where it is then drawn for production
needs. Five compression units and an ice cooling energy storage unit
are also connected to the same basins in paralle] with the absorber.

The plant was started up in June 1994, and data collected
constantly by the data acquisition and monitoring systems. Ever since
the plant went on line, there have been no particular problems, and it
has always operated according to the pre-established programs. By
February 1995, it had accumulated 5000 hours of operating time (at
present the operating time is now 15000 hours).

THERMOECONOMY AND EXERGY

The main aim of thermoeconomy accounting is the determination
of unitary costs of plant products. This is very difficult when many
different products are involved, particularly, in the case of an
energetic power plant producing both electric power and heat at
different temperatures. To avoid this problem a tool is needed which
is able to differentiate the various forms of energy, even in connection
with the thermal energy temperature. This analysis must reveal the
different qualitative values of the various forms of energy. This can
be obtained by mean of the plant energetic balance on the second
principle of thermodynamics, through the concept of exergy (De
Lucia and Manfrida, 1990).

In most energy systems, the exergy losses fall into five main
categories (Manfrida and Stecco, 1992): chemical reaction
(combustion), expulsion of heat into the environment, heat transfer,
mixing and friction.

Exergetic Scheme

In exergy/thermoeconomic analysis the parts need to be
identified for which the annual exergetic costs are required. Thus the
economic behavior of these parts can be examined, even in off-design
performance, so as to identify which of them most influence the
performance of the whole plant and how they do that. For this
purpose actual measured results were compared with those obtained
by supposing that the plant was operating in ISO conditions.

The plant scheme can been seen in figure 2 where the plant was
split into four main components:
l.  GASTURBINE;
2, HEATRECOVERY BOILER ;
3. HEAT EXCHANGER + STACK ;




4. ABSORBER + AUXILIARY BOILER.

In table 1, exergy efficiencies and fuel cost formulation are
shown for each plant section.

An important choice which will influence the presentation of
results of this analysis is that of considering the absorber, and
auxiliary boiler to be closely linked, like an independent plant. It is an
easy way to schematize the plant useful for the periods where the total
steam required is higher then that produced by the HRSG.

Thermoeconomic Analysis

Table 2 provides a summary of the component capital costs, as
an economic characterization of the plant.

The annual investment quota is calculated on the base of a ten
year life span at 15% interest. The service and component inlet energy
costs (on the basis of 1 $=1500 Italian lira) should be added to this.
Service costs include all annual maintenance, repair and running
expenses. Maintenance costs are estimated for each component as a
percentage of investment. Running costs, (estimated at $33300 per
year) only concern the gas turbine which is the main plant component
and requires the attention of the majority of staff. Finally the cost of
inlet exergy in each component can be calculated once the fuel cost
(Cfy) is known, in this case assumed to be equal to 0.2 $/Nm3. Thus
the exergetic unitary cost is :

Ce,
cf = [$/kT]
€c,

The total costs are composed by three terms: fuel cost, capital
cost and service cost (Ci = Cr + Ce+ Cs).

The assumed working hours are 1649 for spring, fall, winter and
1099 for summer.

THERMOECONOMIC RESULTS

Thermoeconomic analysis led to calculation of the various
component cost items divided into seasons.

To limit elaboration time and allow cost and exergy balance over
a whole year, only four weeks were selected (one per season). In this
paper, for reasons of space, the results of only the winter and summer
weeks are given, since they represent two extremes. This

" approximation, in the authors’ opinion, is consistent with the aim of

ascertaining global plant energy and cost performance.

In order to ensure complete plant characterization, considering that
the turbine load varies from 90% in day time to 60% at night with
reference to the numbers on the plan in figure 1, some calculations
were curried out to evaluate the data not recorded by Data Acquisition
System (DAS) but necessary in energy evaluation. For more detail see
part 1 of this work (De Lucia et al., 1997).

ISO Condition Results

Table 3 shows the thermoeconomic ISO condition results, while
losses compared with the other periods are shown in table 6. These
values are assumed as reference values for the real operation
conditions described below.

COMPONENT Exergy Efficiency Fuel Cost
1. Gas Turbine W, +E, Cf1=((Ec-E7)-
Tin = ﬁ (Wg+Ep)-cr
2. Heat Recovery E, Cfr=(E7-
i N2 = “E..))-
Boiler Ei—E, (E10-E2)-cr
3. Heat Exchanger + E. Ci3=(E10-Egc)cf
Stack Mns =
Eyp
4. Abso.r‘t.Jer + . _ E, Ci4=((Ea+Ecaux)-
Auxiliary Boiler |74 E,+E Ef)cr
TABLE 1 : Exergy Efficiency and Fuel Cost of Each Plant
Component
COMPONENT Cc (*103 8)
1. Gas Turbine 958
2. Heat Recovery Boiler 100
3. Heat Exchanger + Stack 20
4. Absorber + Auxiliary Boiler 184

TABLE 2 : Capital Cost of Plant Components

Summer Period

Table 4 shows fuel, service and capital costs in summer for each
component. Viewing the table horizontally the total cost composition
is shown in term of fuel, capital and service/ maintenance. Viewing
the table vertically cost divisions for each component can be noted.
This gives us an initial idea of improvement opportunities. In the
same way information can be obtained on the behavior of single
components as compared with the whole plant, Finally, data shown
concerning hourly, useful exergetic and component exergetic costs
supply all information required to quickly identify the behavior of the
most defective component, thus showing where intervention
optimization is needed in connection with higher costs: services,
rather than energetic and/or capital improvements. Comparison with
ISO conditions (table 3) supplies further information on plant design
and performance.

With reference to the left hand side of table 4, which concerns
absolute summer hour costs, it can be seen that inlet exergy costs
predominate for the first three components (exergy related to fuel),
while the highest figure for the absorber coincides with the invested
capital cost. This suggests that the cogenerative plant has excessive
losses when, actually, the predominating inlet exergetic cost is simply
due to the higher production of effective utility.

Gas turbine service costs are the most noticeable. This is due to
its portion of running costs over the whole plant. The absolute total
turbine cost in conformity with ISO condition calculations dominates
all the others (by 77%). However, its value should be reconsidered on
the basis of production. Considering the plant exergetic costs per
kWh, a decrease in gas turbine expenses (23.7%) can be noted, while
those concerning the absorber are still very high (75%). Besides, the
total exergetic cost is about 50% higher than expected (ISO
conditions), mostly due to increase in the total cost of absorber useful




Hour Cost relative to Useful | Exergetic

Absolute Hour Cost Hour Cost relative to Useful Global Exergy Exergy of each Component | Efficiency

|Etement Cf Cc Cs Ct cf cc cs ¢ | ¢f cc cs ¢t

(Sm) | & | (sm) | (9 | (M) ] (%) ($M) [(SWh)| (%) | (SkWh) | (%) | (SKWhR)| (%) ($/h) [ (SKWh)] (SkWh) | (SAWh) | ($/h) (Il
[T~ Gas Turbine 38.34) 44.2] 31.56] 26.8] 5.51] 5.0] B85.41] 0.030] 14.6] U0.020] 9.5] 0.003] 1.7] 0.053] 0.023] 0.015] 0.003] 0.040 0.2088
7 Heat Recovery Boller | 5.25| 4.8 3.29] 3.0/ 0.00] 0.0] 8.54| 0.003| 1.5] 0.002] 1.0| 0.000| 0.0 0.005] 0.607| 0.004] 0.000| 0.071 0.6334
3. Heat exchanger T35 4.1 033 03000 0.0 4.78|0.003] 1.3] 0.000[ 0.1| 0.000] 0.0] 0.003| 0.062| 0.005] 0.000] 0.067] 3
4. Absorber 464 4.2] B.08| 5.5/ 0.00] 0.0] 710.70| 0.062] 30.4| 0.082| 39.8| 0.000| 0.0 0.144| 0.062| 0.082| 0.000| 0.T44 0.2360
(Total Cost T05.43 T.

TABLE 3 : Costs and Exergy Efficiency in ISO Conditions

Hour Cost relative to Useful | Exergetic

Absolute Hour Cost Hour Cost relative to Useful Global Exergy Exergy of each Component | Efficiency

|Etement Cr Cc Cs cf cc cs ct cf cc cs cf
(sm) | (4 ($m) | (%3 [ (sm)] (A ($h) | (¥kwWh) | (%9 | (SKWh) | (%) | (SkWh)| (%9 ($M) | (¥&Wh) | ($K&Wh) | ($4Wh) |  ($h) n{n
[T, Gas Turbine 38.54] 30.5] 31.56] 31.5] 5.561] 5.5] r6.62] 0.037| 11.9] 0.029] 9.5] 0.005] 1.7 0.071] 0.025] 0.020] 0.004] 0.04% 0.2674]
7. Heat Recovery Boller| 5.25| 5.2| 2.29| 4.3| 0.00| 0.0f 8.54] 0.0 16| 0.003] 1.0/ 0.000| 0.0 0.008] 0.070| 0.008| 0.000| 0.016 0.5032|
3. Heat exchanger F1] 47| 0.33] 03| 000] 00| 4.44| 0004 1.2 0.000[ 0.1| 0.000] 0.0f 0.004] 0.077[ 0.0 0.000[ 0.083 0.2004
%, Absorber FAT| 44| 6.06] 6.1 0.00] 00| 1047| 0.095| 30.8| 0.131| 42.4| 0.000| 0.0] 0.225] 0.095] 0.13T| 0.000] 0.2Z25 0.2030
otal Cos 00, 0,308

TABLE 4 : Costs and Exergy Efficiency in Summer Period

Hour Cost relative to Useful | Exergetic

Absolute Hour Cost Hour Cost relative to Useful Global Exergy Exergy of each Component | Efficiency

|gtement Cf Cc Cs Ct cf cc cs ct cf cc [ ct

($h) | (A | (8m) | (4 [ (Sh)| (A ($m) | (SwWh) | (7 | ($10h) | (% | (Skwh)| (%A ($m) | (SHWh) | ($/KWh) | (SkWh) | ($/h) (1)
1. Gas Turbine 4750] 39.9] 31.56] 30.4] 5.51 T3] 7858] 0.036] 9.5] 0.029] 7.5 0.005| 1.3] 0.072] 0.026 0.020] 0.004] 0.050] 0.2542
2. Heat Recovery Boiler| 5.13| 4.9| 3.28] 2.2|/ 0.00] 00 B42| 0005 1.2| 0.003| 0.8| 0.000] 0.0] 0.008] 0.010] 0.006] 0.000] 0.016 0.4704
3. Heat exchanger 429 41| 0.33] 03] 0.00] 0.0 Z62| 0004 1.0| 0.000] 0.1| 0.000] 0.0 0.004] 0.076| 0.006| 0.000] 0.082 0.2033
4. Absoroer 5.26 6.0 6.06 58] 0.00 0.0] 12.32| 0.153| 39.7| 0.148[ 38.4[ 0.000f 0.0] 0.307] 0.153 0.148] 0C.000] 0.301 0.7€4
ofal Cosl 103.94 0.38a

TABLE 5 : Costs and Exergy Efficiency in Winter Period

global exergy (+56%). So as to highlight the true component
expenses, costs compared with exergetic production of each of them
must be examined (last section on right hand side of table 4). As can
be noted, the level of expenses per absorber is identical to the former
one, while gas turbine expenses and those of the remaining
components are reduced according to their use in the period under
study.

Apart from the absorber, the inlet exergetic cost of last hot gas
side exchanger is particularly high if compared with the useful exergy
produced by the same component. It is also necessary to consider that
most exergy degradation is due to hot gas delivered into the
environment (Lgt =65%). Their temperature cannot be reduced below
a certain level for technical reasons. The Lg; stack loss is greater than
that following heat exchange. However, seeing that the former cannot
be altered, action on the latter could be considered. Decline in energy
under consideration, as in the previous case is mainly due to heat
exchanges with a finite temperature difference between the two flows,
whose value can only be limited by modifying the component
substantially. Nevertheless, the value of exergetic efficiency of the
exchanger unit + stack (Lg=19%) does not justify any action of this
type, since this is not too far from design condition expectations
(23.7%). '

Analyzing the percentages of exergetic losses (in table 6), one
can notice that the most serious one in the gas turbine is a combustion
chamber loss. This is the cause of 41.6% of exergetic component
reduction. This cannot be corrected. The other percentages are rather
low. On the whole, on site gas turbine behavior (nGT=26.7%) should

Losses sSummer Winter S0

KW comp.% kW comp.% KW comp.%
LcT 127.6 352 1428 3.94] T1Z7.3 2.75
Lc2 141.0 389 7142.5 3.93] 1377 2.96
Lri 23.2 0.64 10.2 0.28 20.4 0.44
L2 31.9 0.88 34.4 0.95 38.4 0.83
Lce 1507.9| 41.60| 1555.3| 42.90f 7972.5] 42.60
Le 764.9 455 770.0 469 1740.8 3.04
Lgen 294 0.81 29.7 0.82 417 0.90
Leco 28.8 3.96 37.0] 3.88 48.5 4.63
Leva 2437 3090 239.5| 30.00] 224.7] 21.40
Lsc 441 27.90 75. 28.00 72.7| 24.00
Lst 738.9 5210 739.6] 51./0 1588 52.40
Las 206.6] 68.90 4| 67.20] 360.7] 76.40]
Leaux 32.71 10.70 52.0) 16.90] 0.0 O.CEI
TABLE 6 : Exergetic Losses in Summer and Winter Period And

in ISO Conditions

be considered satisfactory for this period.

In the case of the heat recovery boiler, the 30.1% of the
evaporator section loss prevails over the 3.56% of the economizer
(table 6). Exergetic loss in the first component is mainly due to a
temperature jump between the boiler inlet hot gas and the steam it
produces. This decline in energy could be reduced by using a two
level pressure boiler. This choice cannot be economically justified,
however, considering that the boiler exergetic performance (50.3%) is
much higher than that of the remaining components: its cost share is



Hour Cost relative to Useful | Exergetic
Absolute Hour Cost Hour Cost relative to Useful Global Exergy Exergy of each Component Efficiency
|Etement CF Cc Cs Ct cf cc cs ct cf c¢c cs | cf
B ] 09 | (sm) | 09 | (smi) ¢4 ) tsm) | smam ) 9 | shem)| o9 [stnm)) on | s | s ) gsaonm) [ | s | wa
7. Gas Turbine 40.T9] 39.57 37.58] 31.1] 5.51] 5.4] 77.25] 0.037] 9.8] 0.029] 7.7] 0.005] 713 007 00 0,020] 0.004] 0.049 0.2
2. Heat Recovery Bofler| 5.14| 5T 3.25] 32[0:00| 0.0 843 0.005| 1.3 0.003| 0.8] 0.000] 0.0 0.008] 0.070] 0006 0.000 007609
3. Heat exchanger 478[ 4.1] 033 03000 OO A57| 0004 1.0] 0.000] 0.1 0.000] 0.0] 0.004 0.076[ 0.008[ 0.000| 008203
7. Absorber 53] B3] 06| 60| 0.00] 00| 11.42| 0.939] 36.7] 0157 41.4] 0.000] 00| 0.295( 0135 057 000002
of oS 101.02 a.3/3
TABLE 7 : Costs and Exergy Efficiency in Final Balance
only 8% of the global cost, of which the fuel quota is only 4.8%, The exergetic cost of the last heat |=05SeS|| FINAL BALANCE
These values are not really in agreement with ISO conditions, both in exchanger on the hot gas side is kW 3
performance (-13%) and useful exergy cost (+60%). The last one was higher than the useful exergy [LcT 130.3] 3.73
even highlighted, from energetic analysis where this component did produced by the component (table [LC2 144.0] 3.
not seem to have a very high heat recovery performance (De Lucia et 5), but very close to the value seen |77 17.5] 048
al., 1997). in the summer period: about |L/2 J32.9] 08
Component 4 (absorber + auxiliary boiler) in this period has an 0.076 $/kWh. All this means that |LCC 1938.60] 4270
extremely low efficiency value: 20.3%. Its decrease is due to the the losses are almost unaffected by L€ 169.6] 4.
exergetic loss in the absorber machine that represents the principal the seasons. On the other hand, the [LG€N <39.0 0.
element, whose contribution is equal to 68.9%. That means that the useful  exergy unitary cost |[[eco 29.6] 3.
absorber loss does mot come counterbalanced by an adequate introduced into the absorber varies [Léva 23/ /] 28
production of useful exergy Ef. from 0.0949 $/kWh in the summer [Lsc 76.2] 28.0
Even if its cost is relatively low, if compared with the winter to 0.1528 $/kWh in the winter. In  [Lst 140.91 5T.80
value, it is due to the increase in summer demand for cold water in the conclusion, the increase of about [Las 794 3] 66.00
factory (and thus an increase in absorber load), and to the lower use of 61% in this cost highlights the [Lcaox 48.0 16,30i

the auxiliary boiler. This is confirmed by the low percentage of
auxiliary boiler loss (10.7%). The cost of these two elements is high
(around three times more than the gas turbine in terms of useful
global exergy). This low key absorber behavior is confirmed by the
slight reduction of capital cost of exergetic useful flow generated by
the component.

To better understand the reason of this behavior we can see that
both the absorber and heat exchanger work with low temperatures, so
they have low useful exergy effects, because the Carnot coefficient (1-
To/T) penalizes them.

Thus, in the summer period, heat exchanger and stack
(component 3) fuel cost is very high if compared with the useful
exergy produced in the form of hot water.

Winter Period

The absolute cost of exergy introduced as fuel into the absorber
in the winter period is very high. Its increase about 42% compared
with the summer period (from 4.407 to 6.258 $/h - Table 5). It is due
to the fact that in this period the HRSG does not produce enough
steam for users and factory heating. Therefore with the previous
assumption the additional fuel are charged to the absorber but in real
case it is necessary for factory heating,

Low absorber use and high auxiliary boiler use are highlighted
by the respective exergetic losses in the two periods considered and
are shown in table 6. Main component loss percentage decreases from
68.9% (summer) to 67.2% (winter) ; in contrast with auxiliary boiler
loss, which increases from 10.7% (summer) to 16.3% (winter).

Inlet gas turbine exergy hour cost decreases a little, mainly due
to a greater production because the ambient temperature decreases.

seasonal use of this component,
which, however, has very low
exergy efficiency : in this period, it
is 16.4% against 23.6% in nominal
condition (ISO).

TABLE 8 : Exergetic Losses
in Final Balance

Balance Cost Results

The comparison between ISO conditions (table 3) and final
balance (Table 7) thermoeconomic results is very important,

The absolute fuel costs for each component of the cogeneration
plant are lower than those in nominal working conditions, while the
absorbers behave in the opposite way. This is due, in the first case to
the lower productive level which remains in real conditions with
subsequent limitation of exergetic losses. Under nominal conditions
the gas turbine load was taken to be 100%, while in real working
conditions it varies from 90% during day time to 60% at night. The
lower use of the absorber is in contrast with the increase in auxiliary
boiler use and thus with the increased fuel demand, which is non
existent under nominal conditions, As was to be expected, absolute
capital and service costs turn out to be identical, since they are
independent of plant behavior.

Comparison of cost per unit of useful exergy by the component
highlights what has already been observed: all inlet exergy costs of
components, in real working conditions are greater than those in ISO
conditions. In particular, there is a considerable increase both in the
cost of the last hot gas side exchanger and in that of the absorber. The
first, under nominal conditions, has a cost of cg=0.0621 $/kWh
against ¢/~ 0.0763 $/kWh under final balance (tables 3 and 7).
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FIGURE 3 :Pseudo-Series Solution

The exergetic cost of the absorber increases of 123% (from
0.0624 $/kWh under ISO conditions to 0.1391 $/kWh under working
conditions). Respect to ISO conditions, the reason for this increase
can only be partly attributed to auxiliary boiler use, and thus to
component fuel consumption. The main reason for this is the low
production of useful exergy by the absorber in nominal working
conditions which is unable to reduce the absolute cost of exergy
introduced adequately. Further confirmation of this can be seen in the
increase of 92.2% of unit capital cost, which passes from
cc=0.0816 $/kWh to cc=0.1569 $/kWh, whose behavior does not
depend on exergy losses but only on its operating condition.

POSSIBLE PLANT IMPROVEMENT

The result analysis shows that the components with a high
unitary cost are the heat exchanger (component 3) and the absorber
with the auxiliary boiler (component 4).

In all seasons the high cost of exergy introduced as compared
with useful exergy produced for heat exchanger was noted. This
component is greatly influenced by the exergetic loss due to hot gas
discharge into the environment (Lg;=65%). This cannot be reduced,
unfortunately, for technical reasons. Exchanger loss cannot be
reduced, except by modification of the same component; heat
exchanger surfaces could be increased, for example, so as to decrease
the temperature difference between the two flows; this is the main
reason for the above mentioned exergetic loss. Doing this, however,
would only lead to 2 very small increase in component exergetic
performance, which is, in any case, perfectly acceptable considering
the unavoidable loss at stack (36.2% in summer and winter, ¢. 38.9%
in ISO conditions). In conclusion, seeing that the company requires
production of a certain amount of hot water, the component can be
considered to behave satisfactorily.

The same can be said for the absorber group, which has a very
high cost of inlet fuel exergy as compared with useful exergy supplied
by the component and also as low exergetic performance. Its value
varies from 20.3% in the summer to 16.4% in the winter as compared

with 23.7% under nominal conditions. By analyzing component
exergy capital cost per unit it can be noted that it is unable to produce
cnough cold to reduce satisfactorily its extremely high capital cost
(83%) as compared with the other components.

The reason for this behavior is to be sought in comparison
between real absorber working conditions and design ideal ones. The
main difference between these two conditions is linked to the
temperature of the water arriving from the absorber inlet hot basin.
This component was designed to cool inlet water from 12°C to 7°C.
Actually the water on arrival already has a temperature of 8°C, and is
thus cooled to 6°C. The operating area of the absorber thus falls
below nominal temperature and its energetic efficiency is penalized.

In any case, on the whole, the behavior of the absorption cooling
system can be considered reasonably satisfactory respect to the
previous solution in view of the fact that the real COP for the
traditional compressor units cooling station is c. 50% less than that
expected (the mean COP of 2.5-3, during the fall and winter when the
compressor cooling units operate at their best climatic conditions
falling up to values of 1.9 in the worst condition in the summer).

Absorber Optimization

a) Series Absorber with Cooling Power Station

The first modification solution was based in increasing the
absorber inlet water temperature by placing it in a series with the
cooling power station. In this way, user return temperature varies
between 8 and 10°C. It is lowered on entry into the hot basin because
of direct contact with the cold basin water. Series modification of two
groups implies the construction of a further basin with a temperature
between the two previous ones. This would also have the task of
limiting heat exchanges. Thus, the absorber would function at higher
temperatures, increasing its efficiency. The water would then vary
between 10°C and 6-7°C, then being lowered to 4°C by the cooling
power station at the second cooling stage.

The proposed solution with present potentialities is not
technically acceptable considering the incompatibility of the mass
flow rates of the two groups. Actually, while the mass flow rate
processed by the absorber remains at 79.1 kg/s, that supplied by the
cooling power station is 105 kg/s. Therefore, only the mass flow rate
required at the first stage could be allowed through, completing it
after by drawing the missing portion from the hot basin. Even in this
second case, absorber efficiency gains do not justify the high initial
cost of plant modifications.

b) Pseudo-Series Absorber with Cooling Power Station

A more refined way of arriving at the previously noted
incompatibility and limiting plant modifications is based on the
selection of users with a higher feed back temperature. In this way the
temperature in the component would increase and a middle basin
would not be needed (figure 3).

Analyzing the mass flow rate of the select user feed water back,
one can see that the mean temperature is about 9°C and the relative
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mass flow rate is almost constant (38.6 kg/s). This means that the
absorber inlet becomes even colder, given that the remaining mass
flow rate is taken from hot water at lower temperature, Due to the
easy plant modification this solution has been realized but the results
are not too satisfactory.

Inlet Air Cooling
To increase the absorber load, cold water can be used to cool the

inlet air at the gas turbine compressor; up to 10°C. In this case, a
greater absorber load, with a more appropriate temperature, and an
increase in electric power are obtained (De Lucia et al., 1994). The
power plant would undergo few modifications; only a heat exchanger
at the gas turbine inlet being necessary.

Inlet air cooling at the compressor can be carried out mainly in
the spring and summer, when the on site ambient temperature exceeds
15°C. In the other seasons, no improvement is expected.

Simulation Results

COMPONENT c¢ present | ct modification |Reduction
($/KWh) ($/KWh) (%)
1. Gas Turbine 0.0488 0.0459 6.0
2. Heat Recovery Boiler 0.0159 0.0158 0.5
3. Heat Exchanger 0.0833 0.0815 2.2
4. Absorber 0.2254 0.2095 Tl

TABLE 11 : Total Unitary Cost and Relative Reduction

Percentage

be seen in expansion, owing to the gas
turbine power increase. The exergy loss
in the last exchanger on the hot gas side
decreases thanks to a considerable gas
temperature reduction in this part of the
plant. The exergy loss at the stack is
generally greater owing to the greater hot gas mass flow rate. Energy
degradation of the absorber increases slightly. Finally there is
reduction in the auxiliary heat loss, caused by lower component use.
The boiler only operates during the evening when the gas turbine is
operating at 60%

TABLE 10 : Exergetic
Losses in Inlet Air
Cooling Solution

Thermoeconomic Results

Power plant simulation with this new solution only takes place in
the summer period, because this is the only season in which inlet air
cooling at the compressor can be conveniently used.

In the first column in table 9, an inlet exergy cost increase
compared with the already existing one con be noted both for gas
turbine and recovery boiler. This is due to high production of two
components, with internal loss increases. The last hot gas side
exchanger together with the stack costs are less, owing to the
substantial reduction in mean exergetic loss at the exchanger, which
compensates for the increase in that at the stack. There is an even
greater reduction in the exergetic cost entering the absorber which,
contrary to initial expectations, increases exergetic production. Its loss
percentage increased from 69.9% to 73.3% (table 10). At the same
time auxiliary boiler use decreased with subsequent cost decrease.
The boiler percentage loss fell from the 10.7% of the present situation
to 4.86% of that with cooling. The capital costs, together with the




absolute servicing costs of the various components did not change,
seeing that they are independent of factory requirements.

So as to be able to be sure that production has increased in the
whole plant, useful exergy unit costs produced by the component
(central zone of table 9) must be compared. This comparison enables
one to see how all the above mentioned cost items have been reduced.
In particular, the absorber cost of inlet exergy as fuel passes from
0.0949 $/kWh to 0.083 $/kWh (a c. 12% decrease). The capital cost
per unit of useful exergy produced by the component falls by 3.5%,
while that of the gas turbine falls 6.4%.

Comparison of exergetic performances shows an improvement
over the whole plant. This is especially the case with absorber
efficiency, which passes from 20.3% to 21.9%, with an increase of
7.5%.

Table 11 shows percentages in total cost reduction for useful
exergy produced by each component.

CONCLUSIONS

This method has been shown to be very useful in the analysis of
an power plant producing both electric power and heat at different
temperatures.

Using the exergy concept, power plant irreversibilities and their
related costs can be easily determined in real operating conditions
comparing them with nominal conditions (ISO conditions).
Thermoeconomic analysis permits us to determine the components
which have the highest costs (low efficiency) and which are farther
from ISO conditions. This method is also useful in the design of
optimization phases and in maintenance program decisions. By
checking losses (tables 6, 8, 10) and simply looking at the related
costs it is very easy to determine when and where to intervene.

The application of thermoeconomic analysis allows comparison
from some alternative power plant solutions directly from the
economic point of view,

A thermoeconomic analysis of a pharmaceutical factory has been
carried out. This analysis determined good power plant performance,
only the absorber having low efficiency; this is mainly due to a too
low temperature of inlet cold water into absorber. To increase
absorber efficiency, three solutions are analyzed: absorber in series

with a central cooling group, absorber in pseudo-series with a central
cooling group and inlet air cooling of compressor.

On the whole, the behavior of the gas turbine can be considered
satisfactory in view of the fact that the small size machine and the
working conditions behaved excellently even with partial loads.
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