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is destroyed in each component. Calculations are also carried out on destruction, exergy
the system at the time of commissioning in order to get how much the efflc;enhcy,t power  plant
waste hea

exergy efficiency has changed since the system was operational. The
components of this plant include an SP boiler, AQC boiler, turbine, This1san open-access article under the
condenser, condensate pump, Flasher, boiler feed pump, and m

economist. AQC boiler is the component with the highest exergy value

that is destroyed, which is 4405.34 kW or 32.98% of the total exergy

destroyed in the system. The condensate pump is the component that

has the smallest destroyed exergy value of 18.94 kW (0.14%). The

system efficiency in January 2012 was 62.60% and decreased in

December 2019 to 53.04%, where the overall system exergy efficiency

decreased by 9.56% within 7 years of operation.

1. INTRODUCTION

The reliability of power plant performance is critical to the industry in properly utilizing available energy
resources. By assessing the performance, it can be determined which areas or components have poor
energy conversion and where improvements are required [1]. This greatly helps improve energy efficiency,
minimize operating costs, and increase the industry's profitability. Energy analysis is the most common
thermodynamic method used in evaluating plant performance [2]. Another method that can also be used
is exergy analysis. Exergy analysis provides the difference between energy loss to the environment and
internal irreversibility [3]. Conventional energy analysis methods are based on the first law of
thermodynamics relating to the principle of energy conservation. The First Law is concerned with the
amount of energy of various forms transferred between a system and its environment and the change in
energy stored in the system so that the interaction of work and heat is equivalent to energy transfer [4].
However, the first law sometimes gives inaccurate results to the performance of energy conversion
equipment, and optimization through the first law has almost reached saturation level [5]. Also, the first law
is concerned with the amount of energy and the change from one form to another, which does not consider
the quality aspects of energy [6]. The quality aspect of energy is taken into account by the second law of
thermodynamics. The second law provides the necessary means to determine the quality and degree of
energy degradation during the process.

Exergy is the maximum amount of work that a system or flow of matter or energy can do from a
predetermined initial state until it is equal to its environmental state, i.e., the state of death. Exergy
measures the potential of a system or flow's potential to cause change due to imperfect equilibrium relative
to the environment. Unlike energy, exergy is not eternal during a process; it is always destroyed. The
exergy destroyed is proportional to the entropy caused by irreversibility [6], [7].

Some researchers found that by analyzing energy and exergy, a description of the decline in
performance and the magnitude of losses due to exergy destruction as a cause of inefficiency in the plant
can be obtained [8], [9]. From the exergy analysis, the highest exergy destruction occurs in boiler and
condenser components [10], [11], [12]. This is influenced by the temperature difference factor between the
working fluid and its ambient temperature. The components' environmental pressure factors and flow rate
also greatly affect the exergy efficiency, energy efficiency, and destruction rate [13].
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Figure 1. Waste heat power generation system and sytem boundaries for study

In 2009, the Indonesian government, in this case, the Ministry of Industry, and the Japanese
government, through the New Energy Technology Development Organization (NEDO), built WHRPG in
one of the cement factories in West Sumatra. WHRPG (Waste Heat Recovery Power Generation) is one
of the technologies used to produce electrical energy using flue gas from the combustion process or
industrial production. This cement plant has a production capacity of 6.3 million tons per year with coal
requirements of approximately 760 thousand tons/year, which has the potential to produce considerable
CO2 emissions. With the application of WHRPG, CO2 emissions generated can be reduced to increase
energy use efficiency, minimize environmental impacts, and slow global warming. In addition, this plant
produces around 63.2 GWh of electricity in one year from the heat wasted during the production process
[14].

2. METHODOLOGY

2.1 System Description
Figure 1 shows the WHRPG system of an 8.5 MW cement plant. The dashed red line is the
system boundary used in this study. The system uses two boilers with capacities of 25 tons/hour
and 30 tons/hour, respectively. The boiler's heat source comes from the process's waste heat.
The first waste heat source is from the suspension preheater, and the second is from the grate
cooler. The exhaust gas is used to convert Water into steam, which flows into the turbine to
rotate the generator and produce electricity. Boilers that utilize heat from the suspension
preheater are referred to as SP boilers (Suspension Preheater boilers), while those that utilize
heat from the grate cooler are called SP boilers. grate cooler dinamakan

AQC boiler (Air Quenching Cooler boiler). Other major components of the WHRPG system
are the turbine, vacuum condenser, condensate pump, Flasher, boiler feed pump, demineralizer
plant and cooling tower. In the process, the feed water in the Flasher is pumped to the
Economizer for preheating, then flowed to the Steam drum SP and AQC boiler, and some are
returned to the Flasher if the feed water needed in the steam drum SP and AQC boiler are met.
The feed water in the steam drum is flowed to the generator bank for the heat transfer process
to change the phase from liquid to steam. The steam formed is collected back into the steam
drum and flows to the superheater due to the increased pressure in the steam drum. A
superheater increases the steam's temperature to become dry steam. Furthermore, the dry
steam produced by the SP and AQC boiler flows to the steam turbine to rotate the turbine and
generator, producing electricity. The turbine output steam is condensed and cooled by the
cooling system and then pumped by the condensate pump to the Flasher. At the Flasher, low-
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pressure steam production occurs due to the large and sudden pressure change between the
economizer output feedwater and the relatively equal flasher pressure. At this level, the paper
does not include the demineralized plant and cooling tower (see system boundary in Fig. 1).
2.2 Exergy Analysis

Exergy is a function of enthalpy, temperature, and entropy. Specific exergy can be expressed in the
form of the following equation:

X=(h—ho)—T0(S—So) (1)

X is the specific exergy, h is the enthalpy, ho is the dead state enthalpy, To is the dead state
temperature, s is the entropy, and so is the dead state entropy. The exergy flow rate can be obtained by
multiplying the exergy in Pers. (1) with the mass flow rate as expressed in Eq. where EX is the exergy
flow and m"is the mass flow rate.

For an open and steady-state system, the exergy balance can be written as given by Pers. (3) below:

EX = m((h — ho) — To (s — 50)) 2

EX is the exergy flow, and mis the mass flow rate.
For an open and steady-state system, the exergy balance can be written as given by Pers. (3)
below.

> EXiyn = X EXout + EXq (3)

EXin is the incoming exergy flow, EXout is the outgoing exergy flow, and EX4 is the exergy destroyed.
The ratio of annihilated exergy (Yd) to total annihilated exergy for each component is

Yd — EXq komponen (4)

EXd total sistem o . ) . .
However, the exergy efficiency is expressed in the following equation.

Mex = 2 x100 )

The monthly average data for December 2019 was used to determine the energetic parameters. To
evaluate the system's performance over its lifetime, the energetic parameters were compared with the
initial conditions, i.e. the conditions at commissioning. The data used was monthly average data in
January 2012. The data used includes temperature (°C), pressure (MPa) and mass flow rate (tons/hour).
However, enthalpy and entropy are determined using a table of thermodynamic properties and/or an
energy balance when temperature data at the point in question is unavailable. The ideal gas approach
is used for the evaluation of gas properties.

3. RESULT AND DISCUSSION

Table 1 shows the specific exergy and exergy flow in January 2019, and Table 2 shows the
specific exergy and exergy flow in December 2012 at various points in the system.

Table 1. Specific exergy and exergy flow (December 2019)

Temp Pabs m Enthalpy Entropy X EX

No Description Phase . . .
(oC) (Bar) (kg/s)  (kikkg)  (kg/kj.K)  (Ki’kg) (kw)
1 sHtg:m Pressur®  vapor 3180 1210 1000 308570  7.097 97424  9742.44
2 Low-pressuresteam Vapour 150.0 229 364 63094  1.831  89.64  326.18
3 turbine exit steam Mixture  45.0 0.09 13.64  2582.49 8.173 150.27  2049.47
4 condensate  out .4 520 091 1364  217.76 0730 467 6363
condenser
5 reed Waterto the ;4 520 770 1319 21835 0729 555 7317
Flasher
g [eedwatergoesto \i.iq 731 228 1428 30616 0993 1465  209.19
the pump
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Feed Water to the

7 \ Liqud 731 3190 1428 30857 0991  17.65  252.00
Economizer
g ~Cconomizer output .4 1885 3190 14.28 801.80 2219  144.76  2066.83
feeds Water
o eed Waterto the ;.4 1885 3190 581 80180 2219 14476  840.41
AQC boiler
10 Feed Water to the .4 1885 3100 375 80180 2219 14476  542.85
SP boiler
11 ;ga?np boiler output y/ 1oy 3450 1220 378 314420 7191 100472 379562
1p SH AQC boller .o 2040 1240 622 303270 6995  O51.81 502238
output steam
13 FeedWaterbackto \;.iq 1885 3190 472 80180 2219 14476 68358
Flasher
14 Cooling Water 10 .4 303 350 69444 12731 0441 039  271.94
condenser
15 Cooling Water | jquid 351 3.5 69444 147.37 0506 108  749.72
output condenser
16 ggsnom'zer inlethot i 2070 - 11111 48249 2178 4058  4500.35
17 Economizer outlet g - 11111 37340 1920 814  904.46
hot gas
1g Hotgas enters the i 3550 . 11111 60177 2400 9353 1039176
AQC boiler.
19 1he hotgasinthe . g570 . 7361  649.22 2477 11805  8689.35
SP boiler
20 E'gitlergas out SP A 2170 - 7361 49274 2199 4453 327777
Table 2. Specific exergy and exergy flow at commissioning (January 2012)
o Suhu Pabs m Enthalpy  Entropy X EX
No Description Phase . . .
(oC) (Bar) (kg/s) (kilkg)  (kg/kj.K)  (kj’kg) (kW)
1 ;'g’:m Pressuré  vapor 3140 1210 819 307643  7.082  969.58 7945.15
o Low-pressure Vapour 230 392 43269 1364 3069  120.20
Steam
3 turbine exit steam Mixture 39.0 0.06 1211  2572.12 8.347 88.01  1065.93
4 condensate out .4 450 094 1278 18851 0639 254  32.49
condenser
5 reed Watertothe ;4 450 850 1278 19335 0651 381  48.62
Flasher
g reedwatergoesto ..y 560 230 1094 23460  0.781 630  68.94
the pump
7 Feed Watertothe ;4 560 3320 1094 23723 0779 952  104.17
Economizer
g ~Ccomomizer output .4 1867 3320 1094  790.80 2194 14121 154549
feeds Water
o Feed Watertothe ;.4 1867 3320 347 79080 2194 14121  490.32
AQC bhoiler
10 Feed Watertothe ;.4 1867 3320 539  790.80 2194 14121  760.98
SP boiler
11 ?tgasr: boileroutput \\ohour 3439 1240 461 313829 7474 100406 4629.84
1 SH AQC ‘boiler .0 2093 1220 358 304434 7023 95498 3422.02
OUtpUt Steam
13 FeedWaterbackto iy 1867 3320 208  790.80 2194 14121  294.19
Flasher
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20

Cooling Water to

condenser

Cooling water
output condenser
Economizer inlet
hot gas
Economizer outlet
hot gas

Hot gas enters the
AQC boiler.

The hot gas in the
SP boiler

Hot gas out SP
boiler

Liquid
Liquid
Air
Air
Air
Air

Air

26.9 3.50 694.44
315 3.50 694.44
200.0 11111
91.7 11111
304.2 11111
354.7 69.44
221.8 69.44

113.10

132.33

475.32

365.32

583.11

636.20

497.67

0.394 0.19
0.457 0.64
2.163 37.91
1.898 6.61
2.368 84.34
2.457 111.15
2.209 46.49

129.58

443.47

4212.05

734.47

9371.14

7718.52

3228.53

Table 3. Exergy destroyed, exergy ratio and exergy efficiency of each component

EXq (KW) Ya (%) Nex (%)
Peralatan
2012 2019 2012 2019 2012 2019

Turbin 2107.02 3167.25 18.40 23.71 73.88 68.54
Kondenser 719.55 1508.07 6.28 11.29 39.81 35.04
Pompa 12.67 18.94 0.11 0.14 79.33 79.44
Kondensat

Flasher 153.67 221.38 1.34 1.66 55.17 70.75
Economizer 2036.25 1790.07 17.78 13.40 52.82 62.40
AQC Boiler 5704.96 4405.34 49.83 32.98 42.15 60.78
SP Boiler 621.13 2158.79 5.42 16.16 92.67 76.62

In Fig. 2, it can be seen that the boiler AQC has the largest value of the energy destroyed.
Researchers also report the same thing that the largest exergy destroyed is located in the boiler [10],
[11]. This occurs due to irreversibility originating from heat transfer in the boiler. In addition, the
temperature difference factor between the working fluid and its ambient temperature also affects the
value of the energy destroyed. Another factor that affects exergy efficiency, energy efficiency, and
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Figure 2. Exergy destroyed in various components of cement plant exhaust heat
utilization generation system
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destruction rate is the flow rate of the component [13]. In the WHRPG system, the sequence of
components with the largest exergy destroyed after the AQC boiler is the turbine, Economizer, SP boiler,
condenser, Flasher, boiler feed pump and finally, condensate pump.

When comparing the exergy destroyed in each component between January 2012 and December
2019, it can be seen that there is an increase in the value of exergy destroyed in some equipment such
as turbines, condensers, condensate pumps, flashers and SP boilers. In January 2012, the exergy
destroyed in the turbine amounted to 2107.02 kW and increased to 3167.25 kW in December 2019. In
the condenser, it is also the case where in January 2012, the exergy destroyed was 719.55 kW, and in
December 2019, it increased to 1508.07 kW. In January 2012, the exergy destroyed at the condensate
pump was 12.67 kW, and in December 2019 increased to 18.97 kW. Likewise, with the Flasher, where
in January 2012, the exergy destroyed was 153.67 kW, and in December 2019, it increased to 221.38
kW. For SP boilers, in January 2012, the exergy destroyed was 621.13 kW, and in December 2019, it
increased to 2158.79 kW. Unlike the case with the boiler feed pump, Economizer and AQC boiler, where
the exergy destroyed in December 2019 is smaller than the exergy destroyed in January 2012, this is
due to the influence of the mass flow rate and working temperature entering or leaving the component.
In January 2012, the mass flow in and out of the boiler feed pump, Economizer, was 10.94 kg / s, while
in December 2019, the mass flow rate of the fluid working on the component was 14.23 kg / s. Likewise,
with the mass flow entering and leaving the AQC boiler in January 2012, the feed water entering the
boiler was 3.47 kg / s. The steam coming out was 3.58 kg / s, while in December 2019, the feed water
entering the boiler was greater than in January 2012, namely 5.81 ks / s and produced 6.22 kg / s of
steam. This caused the value of exergy entering, exergy leaving, and exergy destroyed in the boiler
AQC in January 2012 to be smaller than in December 2019. In addition, the working temperatures at
the boiler feed pump, Economizer and AQC boiler in January 2012 were also smaller than in December
20109.

The total exergy destroyed in January 2012 was 11449.63 kW, while in December 2019, it was
13358.02 kW. Comparing the total exergy destroyed in January 2012 and December 2019 revealed an
increase of 16.67%, which means that the overall performance of the waste heat utilization generation
system is reduced by 16.67%.

In Figure 3, we can see a graph of the ratio of energy destroyed in each component of the waste
heat utilization generation system. This ratio of exergy destroyed is the ratio between the exergy
destroyed in one component and the total exergy destroyed in the system. Fig. 3 also compares the
ratio of exergy destroyed in each component in January 2012 and December 2019. In general, the ratio
of exergy destroyed is proportional to the amount of exergy destroyed in each component that has been
shown in Fig. 2. When compared to the ratio of exergy destroyed between January 2012 and December
2019, the ratio of exergy destroyed increases with the age of use, namely in the turbine which in January
2012 the ratio of exergy destroyed was 18.40% to 23.71% in December 2019. The same thing also
happened to the condenser, condensate pump, Flasher and SP boiler components which sequentially
destroyed exergy ratios in January 2012 were 6.28%, 0.11%, 1.34%, 0.82% and 5.42% while the
destroyed exergy ratios in December 2019 were 23.71% in the turbine, 11.29% in the condenser, 0.14%
in the condensate pump, 1.66% in the Flasher and 16.16% in the SP boiler respectively.

In Fig. 4 can be seen that at the time of commissioning, namely in January 2012, the components
of the WHRPG unit with the highest exergy efficiency in order are SP boiler with exergy efficiency of
92.67%, followed by condensate pump 79.33%, turbine 73.88%, Flasher 55.17%, Economizer 52.82%,
boiler feed pump 52.47%, AQC boiler 42.15% and condenser 39.81%. Exergy efficiency is influenced by
the value of the exergy flow entering and leaving the component and the mass flow rate entering or
leaving the component [13]. In December 2019, the exergy efficiency in order the condensate pump with
an exergy efficiency of 79.44%, then the SP boiler at 76.62%, the boiler feed pump at 74.08%, the Flasher
at 70.75%, the turbine at 68.54%, the Economizer at 62.40%, AQC boiler 60.78% and condenser
35.04%. By comparing the generator output electrical energy to the incoming exergy in the SP boiler and
AQC boiler, the WHRPG system efficiency in January 2012 was 62.60% and decreased in December
2019 to 53.04%. Thus, the overall system exergy efficiency decrease is 9.56% within 7 years of operation
or on average, there is a decrease in exergy efficiency of 1.06% per year.

The overall WHRPG system exergy efficiency obtained is 53.04%. This value is almost close to
the exergy value obtained by previous researchers, where the exergy efficiency value of the power plant
system at 75% generator load is 59.64% [7]. Likewise, the value of exergy efficiency in the HRSG (Heat
recovery steam generator) system in PLTGU is 60.28% [13].

In Fig. 5, the Sankey diagram explains the distribution of exergy flow and exergy destroyed in
each of the main components of the plant. The amount of incoming exergy is 17290.59 kW, sourced
from the SP Boiler and AQC boiler. The exergy from the SP boiler of 3795.62 kW flows into the turbine,
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while the exergy destroyed in the SP boiler is 3167.25 kW. Likewise, in the AQC boiler, the exergy
flowed to the turbine amounted to 5922.38 kW, and the exergy destroyed was 4405.34 kW. In the
turbine, the incoming exergy of 9718 kW comes out in the form of electrical energy of 4852.90 kW, the
exergy destroyed is 3267.25 kW, and the exergy that exits the turbine of 2049.47 kW flows into the
condenser. In the condenser, the exergy destroyed is 1508.07 kW
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Figure 5. Sankey diagram of cement plant exhaust heat
utilization generation system

CONCLUSION

The exergy of each component is directly proportional to the mass flow rate and working
temperature. A high working temperature will cause high enthalpy and entropy. In the system studied,
the component with the largest exergy destroyed and exergy destroyed ratio is the AQC boiler, which is
4405.34 kKW or 32.98% of the total exergy destroyed. The next components with large exergy destroyed
are turbine 3167.25 kW (23.71%), SP boiler 2158.79 kW (16.16%), Economizer 1790.07 kW (13.40%),
condenser 1508.07 kW (11.29%), Flasher 221.38 kW (1.66%), boiler feed pump 88.19 kW (0.66%) and
condensate pump 18.94 kW (0.14%).
The exergy efficiency of the components in order from large to small is the condensate pump with an
exergy efficiency of 79.44%, followed by the SP Boiler at 76.62%, boiler feed pump at 74.08%, Flasher
at 70.75%, turbine at 68.54%, Economizer 62.40%, AQC boiler 60.78% and condenser 35.04%. At the
same time, the overall system exergy efficiency is 53.04%. High exergy efficiency indicates that the
component is still in good condition because the exergy destroyed in the component is still small. Within
7 years of operation (2012-2019), there was a decrease in the overall system's exergy efficiency of
9.56%.
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