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Abstract: The production of light olefins by selective steam cracking is an energy-intensive process,
and ethylene and propylene refrigeration cycles are key parts of it. The objective of this study was
to identify opportunities for energy savings in an ethylene refrigeration cycle through an exergetic
analysis. Two main causes of lower operational efficiency were identified: (1) Lower polytropic
efficiency of the refrigerant compressor and (2) operating with the compressor mini-flow valve open
to ensure reliability. The evaluation showed that the amount of irreversibilities generated by the cycle
in operation is 22% higher than that predicted by the original design, which represents a 14% lower
exergy efficiency. There is a potential savings of 0.20 MW in the cycle’s energy consumption with
the implementation of the following improvements: recover refrigerant compressor efficiency by
performing maintenance on the equipment and optimize the flow distribution between the recycle
valve, the level control valve, and the temperature control valve.
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1. Introduction

Selective cracking of hydrocarbons with steam, also known as steam cracking (SC), is the main
production route of ethylene and other light olefins, such as propylene and butadiene [1]. Refrigeration
cycles are fundamental for the operation of ethylene production plants and represent 15% to 20% of
the total investment and 10% to 20% of the energy cost of an SC unit [2].

Because SC is a process with high energy demand, the energy cost is a relevant competitiveness
factor for petrochemical sites around the world. It is estimated that in Brazil, the industry energy
costs 46% higher than the international average, which increases the operational challenge of national
ethylene production plants [3]. Therefore, studies that aims the reduction of energy consumption of
through operational optimizations or structural changes, contribute to increase the competitiveness of
ethylene production players.

Energy systems models are important methods used to generate a range of insight and analysis
on the energy demand. These models and analysis have to be adequate to deal with the industrial
energy challenges [4]. Moreover, according to [5], a description of technologies and procedures is
missing in most of the end-use models for industrial systems, including the lack of real operating
data that addresses the challenges experienced by the several types of processes that require a high
energy demand. This is a serious omission for energy analysts, once energy consumption is driven by
the diffusion of various types of equipment and the performance, saturation, and utilization of those
equipment has a profound effect on energy demand.
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To fill this knowledge gap, some authors use a thermodynamic modeling approach to identify
opportunities of energy efficiency improvement. In [6], the authors use thermodynamic evaluation
through modeling and simulation that were developed using compressor manufacturer’s data and
real restrictions of each system component. In annual energy terms, the authors observed performance
differences of 8% comparing different refrigeration architectures for commercial refrigeration.

Exergy determines the maximum work that can be achieved from a process or system
when comparing its temperature, pressure, and composition conditions with a reference state [7].
Conventional exergy analysis is a powerful approach to assess energy systems since it not only
quantifies inefficiencies but also helps qualify it. Conventional exergetic analyzes are not always
able to assess the part of exergy that will inevitably be destroyed in each process. Thus, some
authors recommend applying an advanced exergetic analysis, to distinguish the portion of the exergy
destruction that is inevitable [8].

Analyses based on the first and second laws of thermodynamics have been performed for a
transcritical N2O refrigeration cycle and provide the theoretical basis for optimizing cycle design
and operational control [9,10]. In [11], the authors use the currently considered the most effective
thermodynamic tool to implement an exhaustive investigation with the aid of the advanced exergy
analysis to analyze the performance of a transcritical CO2 booster supermarket refrigeration unit.
The application of the exergy analysis has provided additional and useful information to conclude that
59% of its inefficiencies can be reduced.

Emphasis is given to studies related to the use of exergetic analysis to identify opportunities
for improving the energy efficiency of industrial processes, mainly based on the identification of
points with greater exergy destruction and on the analysis of potential operational and equipment
improvements [12,13]. This approach is also applied to natural gas treatment and refrigeration
processes [14], to define the best refrigerant fluid [15] or the optimal mixture of refrigerant fluids [16].
Regarding the type of this work process, there are several reference studies with application in
refrigeration cycles of petrochemical plants [17–22].

This study aims to identify opportunities for reducing the energy consumption of an ethylene
refrigeration cycle of an existing petrochemical plant, through an exergetic evaluation. With this
analysis, it is possible to quantify the exergy losses in each equipment of the cycle and propose changes
in the operational conditions to improve the cycle efficiency. Although there are some applications of
exergetic analysis in ethylene refrigeration cycles available in the literature, most of them rely on the
evaluation of one operational case. In this work, the comparison of the design case and the current
operating condition is applied to find the most significant energy improvement opportunities.

2. Methodology

The methodology chapter is divided into four sections: a short presentation of the refrigeration
systems applied in the olefins plants and the description of the ethylene refrigeration cycle that is the
object of study; the simulations premises and the thermodynamic model used; the equations applied
for the exergy analysis, and the methodological approach used for identifying the main energy gaps.

2.1. Refrigeration Systems Applied to Olefin Plants

Separation of the light hydrocarbons produced by SC is typically performed in high-pressure
cryogenic systems, where refrigeration cycles are used to provide the cold streams needed to cool and
condense the components present in the process.

Although the configuration and composition of the refrigerant fluids vary among plants, an olefin
production plant typically has at least two refrigeration levels: the first up to −40 ◦C, using propylene
as refrigerant, and the second up to −100 ◦C, using ethylene as refrigerant [23]. The propylene and
ethylene refrigerant are multistage cascade cycles, which means that the discharge from the ethylene
compressor is condensed with the lowest temperature level of the propylene cycle. The propylene
cycle discharge pressure is defined so that condensation is possible using cooling water [2].
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The propylene refrigerant compressor is typically a centrifugal compressor with one or two
housings with three suction stages [24]. The main users of this cycle are the charge gas chillers,
the ethylene fractionator condenser, the depropanizer column condensers, and the ethylene refrigerant
cycle condensers. The ethylene refrigerant compressor is also typically a centrifugal compressor,
with only one housing with three suction stages. The main users of this cycle are the low temperature
charge gas chillers and the demethanizer condenser.

Despite having a single housing, such devices are commonly interpreted as compressors operating
in series, each representing a refrigeration stage, connected to the same axis with a common drive.
In this configuration, the vapor phase of each cycle stage is mixed with the discharge from the previous
compressor. This representation is widely used in modeling this device, and the manufacturers also
provide the performance curves of each stage as if they were independent machines.

Figure 1 presents the process scheme of the ethylene refrigeration cycle that is analyzed in this
study. This cycle has three refrigeration stages, −55 ◦C, −75 ◦C, and −100 ◦C, driven by a multistage
centrifugal compressor (C-101, C-102, and C-103) with a steam turbine (T-101).
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Figure 1. Process scheme of the ethylene refrigeration cycle.

Ethylene gas at high pressure is cooled with water in the E-101 exchanger, after which it is cooled,
condensed, and subcooled by the E-102, E-103, E-104, and E-105 exchangers, which use propylene
refrigerant at different temperature levels.

The liquid ethylene is then distributed to the users, where the pressure, and consequently the
temperature, is reduced in the control valves (VC-01 to VC-11) located at the inlet of each heat exchanger.
These exchangers are the evaporators of the cycle, also called users, which perform the cooling of
various process streams.

Liquid ethylene not consumed by the users is sent in the liquid phase to the next stage by level
control through valves LV01 and LV02. Although the presence of liquid is not expected in the last
vessel, valve LV03 allows injecting ethylene gas from the compressor discharge to evaporate any liquid
present due to occasional operational conditions where the cycle is unbalanced.

The main function of V-101 to V-104 drums is the separation of the liquid and vapor phase since
the presence of liquid droplets in the compressor can cause significant damage to the interior of the
machine. The gas phase of these vessels passes through lines L1, L2, and L3 before entering the suction
end of one of the stages of the ethylene compressor. These lines were considered in the system model
because they have a significant head loss by design.
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The MFV1, MFV2, and MFV3 valves are the mini-flow valves of the compressor, which controls
the anti-surge protection of this machine. Another relevant control is the temperature control of the
first and second stages, which is performed by the TCV1 and TCV2 valves, that inject liquid ethylene
from the third stage into the V-104 and V-103 vessels, respectively.

Operating with the mini-flow valve open increases the suction temperature of the compressor,
since the ethylene used has a higher temperature than the fluid vaporized by the cycle users.
Thus, the temperature control attenuates the increase and maintains the temperature of each stage.
The adiabatic expansion that occurs in the temperature control valves (TCV1 and TCV2) generates
a biphasic stream that is separated in the vessels, where the gaseous portion follow the compressor
suction and the liquid phase is sent to the next stage by the level control. Vessel V-104 does not have
drainage facilities and cannot send the liquid phase to any other vessel due to its low pressure. Thus,
all the accumulated liquid must be vaporized by the LV03 valve, which uses ethylene after it exits
exchanger E-103, which has a higher temperature.

Blocks M0 to M6 represent the mixing points of streams throughout the process. In actuality,
mixing of the streams occurs in the pipes, but it is necessary to model these points this way because
they act as direct contact heat exchangers since there may be a temperature difference between the
streams that results in the generation of irreversibilities.

The boil-off gas stream from cryogenic storage shown in Figure 1 is the vapor phase generated in
the cryogenic tanks of ethylene, which is sent to the suction of the compressor to be recycled.

2.2. Modeling the Ethylene Refrigeration Cycle

The refrigeration cycle was modeled using the commercial process simulator HYSYS© (V10 from
AspenTech, Bedford, MA, USA). The development of a process simulation is necessary to determine
the thermodynamic properties of the process streams in the different evaluated cases.

For the ethylene refrigerant cycle simulation, the Peng-Robinson equation of state is used as the
thermodynamic model. In addition to having well-known application in the representation of non-polar
hydrocarbons over a wide pressure range, several studies recommended using the Peng-Robinson
equation for the simulation of cycles of various refrigerant fluids, including the ethylene [15,18,19,25].

2.3. Exergy Analys

As mentioned, exergy is the maximum work obtained in a reversible process when a quantity
of matter is moved from an initial condition to a state of equilibrium at a reference temperature and
pressure. The equation representing the amount of specific exergy contained in a particular stream,
commonly used in the exergy balance of several processes and devices that operate at steady state,
disregarding the kinetic and potential energies, and when there are no chemical reactions or mixing
effects, is represented by Equation (1):

ex = (h− h0) − T0(s− s0) (1)

Some equipment has more than one mathematical interpretation to calculate the irreversibilities
and efficiency of the second law. The present study uses the equations contained in previous
work [17,26,27] that will be presented in the following topics.

For this evaluation, the adopted reference state was the ambient temperature and pressure
condition (298.15 K temperature and 1 atm pressure). Other authors also apply these reference
conditions for similar refrigeration systems [14,16,18].

2.3.1. Compressors

The ethylene refrigerant compressor is a centrifugal compressor divided into three stages (C-101 to
C-103). The total compressor work rate (WC) is calculated by summing the individual power demand
of each stage (

.
Wi). To determine the power of each stage, it is necessary to first determine the
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polytropic head (HP) using Equation (2), where P1 and V1 are the pressure and the specific volume
at the compressor suction, respectively. Analogously, V2 and P2 are the same properties in the
discharge condition. The polytropic coefficient of the compressor is represent by nP, calculated by
Equation (3) [28].

HP = P1V1.
(

nP

nP − 1

)
(

P2

P1

) nP−1
nP
− 1

 (2)

nP =
ln(P2/P1)

ln(V1/V2)
(3)

The polytropic coefficient is also used to estimate the polytropic efficiency of the machine (ηP),
expressed by Equation (4), where k is the cp/cv ratio.

ηP =
(k− 1

k

)( nP

nP − 1

)
(4)

The required compressor power can be calculated by Equation (5). In this equation, ṁ is the mass
flowrate of the gas and g is the gravity constant.

.
Wi =

.
mgHP

ηP
(5)

Performance curves were used to determine the compressor performance for the design case.
This allows the polytropic head and polytropic efficiency to be directly obtained by the curves
and applied to Equation (5), making it unnecessary to use Equations (2)–(4) to calculate the
compressor power.

The irreversibility generated in the compressor (
.
IC) is calculated using Equation (6). The second

law efficiency of this type of equipment is shown in Equation (7).

.
IC =

.
mexin −

.
mexout +

.
Wi (6)

ψ =

.
mexin −

.
mexout

.
Wi

(7)

2.3.2. Heat Exchangers

Heat exchangers are devices that allow the transfer of heat between a cold stream (which will be
heated or evaporated) and a hot stream (which will be cooled or condensed). The cycle exchangers are
typically shell and tube type and the heat exchanged depends on the temperature difference between
the incoming and outcoming streams. Figure 2 shows the exergy balance of a heat exchanger.Energies 2020, 13, x FOR PEER REVIEW 6 of 21 
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There are essentially two categories of heat exchangers in a refrigeration cycle: condensers
(E-101 to E-105), which dissipate the heat absorbed by the users and generated by the fluid compression
process in low temperature heat sources (cooling water and propylene refrigerant), and the evaporators
(E-107 to E-116), which cool the process streams by absorbing the heat into the cycle. As an assumption,
it is considered that there is no heat loss from the equipment to the environment, and thus the
irreversibility is calculated by the difference between the exergy of the exchanger’s incoming and
outgoing streams. Equation (8) shows the calculation of the irreversibility for these devices, where ṁH

and exH are the mass flowrate and specific exergy of the hot stream, respectively, and ṁC and exC are
the mass flow and the specific exergy of the cold stream.

.
IHE =

( .
mH.exH in +

.
mC.exC in

)
−

( .
mH.exH out +

.
mC.exC out

)
(8)

The exergy efficiency for heat exchangers is defined by the ratio between the increase in exergy on
the cold side and the reduction in exergy of hot side [27], as shown Equation (9).

Ψ exchangers
T > T0

=

.
mC(exC in − exC out )
.

mH(exH in − exH out )
(9)

It is observed that for heat exchangers where the operating temperature is higher than the reference
temperature (T > T0), there will indeed be an increase in the exergy of the cold side and a decrease
in the hot side. In the cycle under evaluation, only the E-101 exchanger fits in this category because
for the other exchangers, the operating temperature is lower than the reference temperature (T < T0).
In these cases, the exergy availability increases when there is heat loss; thus, the exergy of the hot side
increases while the exergy of the cold side is reduced [27]. The exergy efficiency for these exchangers is
then calculated by Equation (10), applied to all other refrigeration cycle exchangers, except for E-102.

ψ exchangers
T < T0

=

.
mH(exH out − exH in )

.
mC(exC in − exC out )

(10)

The E-102 exchanger is in a transition zone, where the inlet of the hot side is above the ambient
temperature, while the outlet is below. This makes Equations (9) and (10) provide negative results.
For this exchanger, the classic concept of second law efficiency calculation proposed by Dincer and
Rosen [26] was used, as observed in Equation (11).

ψE−102 =

( .
mH.exH out +

.
mC.exC out

)( .
mH.exH in +

.
mC.exC in

) (11)

Both efficiency concepts presented by Wark [27] and Dincer and Rosen [26] are correct,
and according to Mafi, Naeynian, and Amidpour [17], are commonly known as the “engineering
approach” and the “scientific approach”, respectively, to calculate the second law efficiency.
Both concepts were tested in this study, and it was found that the “engineering approach” of
Wark [27] can better numerically distinguish the inefficiencies of each heat exchanger and therefore
improves the comparison of the performance of these devices.

Another indicator used to monitor the performance of exchangers is the exergy destruction
number (Nex) proposed by Tirandazi et al. [14]. This indicator is calculated by the ratio between the
exergy destroyed and the heat exchanged in the exchanger, according to Equation (12).

Nex =

.
IHE

.
Q

=

(
exin − exout

hin − hout

)
C
−

(
exin − exout

hin − hout

)
H

(12)
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2.3.3. Control Valves and Lines

The control valves are devices where adiabatic expansion of the refrigerant fluid occurs. Since
there is no work or heat generation or absorption in these devices, the calculation of irreversibility is
defined by Equation (13). The second law efficiency is calculated by the ratio between the outgoing
exergy and the incoming exergy in these devices, according to Equation (14).

.
IVc =

.
m.exin −

.
m.exout (13)

ψcv =

.
m.exout

.
m.exin

(14)

The suction lines of the ethylene compressor (L1, L2, and L3) were included in the evaluation
because they have a relevant pressure loss by design, which may affect cycle performance. Because they
are isolated cryogenic lines, they were considered adiabatic, and therefore, the applicable equations are
identical to the equations shown for the control valves.

2.3.4. Mixing Points

The mixing points represent locations in the process where several streams come together. If these
streams have different temperatures, vapor fraction, or composition, the outlet stream will have a
different condition from the inlet streams. Thus, the irreversibilities are calculated by the difference
between the sum of exergy from the multiple inlet streams and the exergy of the outlet stream, as shown
in Equation (15). The exergy efficiency is calculated by the ratio of the outlet stream exergy and the
sum of the exergy of the input streams, according to Equation (16).

.
IM =

∑ .
m.exin −

.
m.exout (15)

ψM =

.
m.exin∑ .
m.exout

(16)

2.3.5. Vessels

Vessels are devices that allow the separation of the existing phases in the input stream. They are
adiabatic devices without any type of work or heat interaction, so irreversibility is calculated by the
difference between the exergy of the streams leaving the vessel and the input stream. This is shown
in Equation (17), where

.
mV+L.exV + L are, respectively, the mass flowrate and specific exergy of the

input stream and analogously, ṁV and exV are the same variables of the vapor phase and ṁL exL of
the liquid phase. The efficiency for these devices is defined by Equation (18).

.
IV =

.
mV+L.exV+L −

.
mL.exL −

.
mV.exV (17)

ψV =

.
mL.exL +

.
mV.exV

.
mV+L.exV+L

(18)

2.3.6. Refrigeration Cycle

The exergy efficiency of the refrigeration cycles is determined by the ratio between the power
required if the process occurred reversibly (

.
Wrev), which represents the minimum work rate required to

drive the cycle, and the actual work (
.

Wactual). The reversible work can be determined by the difference
between the actual work rate and the sum of all irreversibilities that occur in the cycle [26]. The actual
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power of the refrigerant compressor can be measured or calculated using Equation (5). The calculation
of exergy efficiency for refrigeration cycles is presented by Equation (19).

ψ =

.
Wrev
.

Wactual

=

.
Wactual −

.
Itotal

.
Wactual

(19)

Another indicator that is commonly used to monitor the performance of refrigeration cycles is the
coefficient of performance (COP), defined as the ratio between the total heat rate absorbed by the cycle
(

.
QL) and the actual power, shown by Equation (20). In addition, the specific energy consumption of

the cycle (ξ) is another indicator typically applied to the monitoring of cycle performance, calculated
by the ratio between the actual power and the circulating refrigerant flowrate (ṁref), according to
Equation (21). Both indicators are based only on the first law of thermodynamics.

COP =

.
QL

.
Wactual

(20)

ξ =

.
Wactual

.
mref

(21)

2.4. Methodological Approach

Two scenarios were chosen to perform the exergetic evaluation of the ethylene cycle:

• Design case: This case considers the mass and energy balance of the unit project, retrieved from
the process design book. The performance curves of the compressor were regressed and used in
the model to determine the theoretical operating conditions of the machine.

• Operation case: This case represents the current refrigerant cycle operational condition. A stable
operating period was selected, that had similar throughput and process conditions to the design
case. The data were collected, treated, and inputted in the model. In this scenario, the performance
of the refrigerant compressor is calculated using the real operating data.

Table 1 shows the main boundary conditions used in the simulation of the design and operation
cases. The models were validated for both scenarios and had shown errors below 5% for all variables.

Table 1. Boundary conditions of the evaluated ethylene refrigeration cycle scenarios.

Description Unit Design Operation

1st Stage Q users MW 4.6 1.9
2nd Stage Q users MW 4.1 3.9
3rd Stage Q users MW 2.6 3.3

Q Coolers MW 19.0 17.0
1st Stage Suction Pressure kPa 103.3 103.3
2nd Stage Suction Pressure kPa 331.8 319.0
3rd Stage Suction Pressure kPa 844.6 760.3

Discharge Pressure kPa 3004.1 2621.6
1st Stage Suction Temperature ◦C −102.0 −84.0
2nd Stage Suction Temperature ◦C −58.7 −49.0
3rd Stage Suction Temperature ◦C −19.9 −19.2

Discharge Temperature ◦C 82.8 92.8

The exergetic evaluation of both scenarios requires two different sets of mass and energy balance
and the comparison of results obtained assists the identification of process improvements. Figure 3
presents a flowchart with the proposed methodological approach.



Energies 2020, 13, 3753 9 of 21

Energies 2020, 13, x FOR PEER REVIEW 9 of 21 

 

The exergetic evaluation of both scenarios requires two different sets of mass and energy balance 277 
and the comparison of results obtained assists the identification of process improvements. Figure 3 278 
presents a flowchart with the proposed methodological approach. 279 

 280 
Figure 3. Methodological approach for exergetic evaluation of the ethylene refrigerant cycle. 281 

3. Results and Discussion 282 

The results obtained from the exergetic evaluation of the ethylene refrigeration cycle for the 283 
design and operation scenarios are presented. First, a detailed analysis of each set of previously 284 
described equipment is shown and after discussing the causes of the main differences found, an 285 
evaluation of the global indicators of the refrigeration cycle is presented. 286 

3.1. Heat Exchangers Analysis 287 

Figure 4 shows the exergy destroyed in each of the cycle’s heat exchangers. The exergy 288 
destruction number and second law efficiency are shown in Figures 5 and 6. 289 

In general, most exchangers exhibit satisfactory performance in both evaluated cases, with 290 
exergy efficiencies close to 80%. Exchangers E-101 and E-103 have the lowest efficiency in the cycle. 291 
The efficiency of E-102 was calculated using the classical efficiency calculation approach, and 292 
therefore, higher values were observed compared to the other exchangers for both evaluated 293 
scenarios. 294 

Figure 3. Methodological approach for exergetic evaluation of the ethylene refrigerant cycle.

3. Results and Discussion

The results obtained from the exergetic evaluation of the ethylene refrigeration cycle for the design
and operation scenarios are presented. First, a detailed analysis of each set of previously described
equipment is shown and after discussing the causes of the main differences found, an evaluation of the
global indicators of the refrigeration cycle is presented.

3.1. Heat Exchangers Analysis

Figure 4 shows the exergy destroyed in each of the cycle’s heat exchangers. The exergy destruction
number and second law efficiency are shown in Figures 5 and 6.
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Figure 4. Exergy destroyed by the heat exchangers.
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Figure 5. Exergy destruction number of heat exchangers.
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Figure 6. Exergy destruction number of heat exchangers.

In general, most exchangers exhibit satisfactory performance in both evaluated cases, with exergy
efficiencies close to 80%. Exchangers E-101 and E-103 have the lowest efficiency in the cycle.
The efficiency of E-102 was calculated using the classical efficiency calculation approach, and therefore,
higher values were observed compared to the other exchangers for both evaluated scenarios.

The E-101, E-104, E-109, and E-116 exchangers were the exchangers with the greatest amount of
destroyed exergy, as well as the highest heat transfer rates, representing approximately 70% of all
destroyed exergy in the cycle. A critical analysis of the results obtained for these devices are presented
because of their relevance.

E-101 cools the ethylene coming out of the compressor discharge using cooling water, and due to
the large temperature difference between the cold and hot sides, this is the exchanger with the lowest
exergy efficiency. It is also the exchanger with the worst performance in the operation case compared
to the design case, with 30% more exergy destroyed and 5% lower efficiency. The poor performance is
mainly due to the higher discharge temperature of the third compressor stage (C-103). The greater the
temperature difference between the cold and hot streams, the greater the generation of entropy in a
heat exchanger.

E-104 is the ethylene refrigerant condenser and has the highest heat transfer rate of the entire
cycle. It is also the heat exchanger with the greatest amount of destroyed exergy, although the exergy
destruction number is one of the smallest in the cycle, which demonstrates that the irreversibility
generated in this device is linked to its high heat transfer rate.

E-104 showed better performance in the operation case, with approximately 30% less exergy
destruction and 7% greater exergy efficacy. The better operating condition is due to the lower condensed
ethylene flowrate compared to the design case, which reduces the thermal load and the temperature
differences in the exchanger because ethylene leaves the device with a higher subcooling degree.
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E-109 is a condenser of the cryogenic separation unit, and like E-104, it has a better operating
performance than in the design case. The lower exergy destruction results from a lower heat transfer
rate and a slightly higher second law efficiency.

E-116 is a condenser in a distillation column of a unit that is stopped for commercial reasons;
therefore, there is no consumption of ethylene refrigerant in the operation case. By design, this device
requires a significant energy consumption of the refrigeration cycle, in addition to being the third
largest source of irreversibility among the heat exchangers.

3.2. Valves and Lines Analysis

The exergy destroyed and the exergy efficiency of the valves and lines are presented in Figures 7
and 8, respectively. Most of the refrigeration cycle valves have high efficiencies, with values close to
98%. The first stage mini-flow valve (MFV3) and the first stage level control valve (LV03) showed
efficiencies below 10% in the operation case. Note that these valves were not predicted in the design
case. The suction lines (L1 to L3) also showed high efficiencies, above 80% but had a low generation
of irreversibilities.
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Figure 8. Exergy efficiency of valves and lines.

Equation (13) shows that the amount of exergy destroyed in the control valves is directly linked
to the flowrate of this device. In the evaluation of the cycle in question, the process conditions
(temperature and pressure) in both scenarios are similar, so that the specific exergy does not change
significantly. Thus, the difference in flowrate between the two evaluated cases appears to be the main
cause for the difference in exergy destroyed in these devices.

Despite having a high exergy efficiency, the third stage level control valve (LV-01) has a significant
exergy destruction of 0.24 MW. The explanation lies in the high ethylene flowrate through this valve,
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which represents approximately 75% of the entire flowrate of the cycle. In the operation case, this valve
generates approximately 70% less irreversibilities because it also processes a 70% lower flowrate.

The largest portion of exergy destruction in the valves and lines (approximately 65%) occurs
because of the operation of the mini-flow valves (MFV3) and the first stage level control valve (LV03)
in the operation case.

Exchanger E-116 is currently out of operation. In the design case, this exchanger processes
approximately 35% of the entire ethylene flowrate of the first refrigeration stage. With the removal of
this exchanger from operation, there is a reduction in the suction flowrate that causes the machine
to operate close to its surge limit. The anti-surge control of the compressor drives the MFV1 valve,
which then operates continuously to increase the flowrate in the first stage.

Anti-surge protection control exists to ensure the mechanical integrity of the compressor; however,
it reduces cycle efficiency. The ethylene flowrate that starts to circulate to maintain the reliability of the
machine consumes part of the compression energy, but this portion is not converted into refrigeration
and is rather wasted by the pressure reduction that occurs in the mini-flow valves. This explains the
generation of irreversibilities observed in the MFV1 valve, and consequently, its low exergy efficiency.

The continuous use of mini-flow in the first stage also makes it necessary to manipulate the
temperature control valve (TCV1) and also the valve that regulates the first stage level (LV03).
While TCV1 has an efficiency greater than 90% and a small amount of exergy destroyed, LV03 has
the same efficiency as the MFV1 valve, because they have the same input and output conditions.
Adding the exergy destroyed by these three valves, it can be stated that the continuous use of mini-flow
causes the destruction of approximately 1.2 MW of exergy destruction in the operation case.

3.3. Refrigerant Compressor Analysis

Figure 9 shows the energy consumption of the refrigerant compressor, while Figures 10–12 show
the exergy destroyed, the second law efficiency and the polytropic efficiency of each compression stage,
respectively. For both evaluated cases, the third stage generates the largest amount of irreversibilities
and has the lowest exergy efficiency. There are two reasons for this observation: the third stage
of the machine is the section with the lowest polytropic efficiency and the highest compression
power (representing approximately 65% of the energy consumption of the compressor) for both
evaluated scenarios.Energies 2020, 13, x FOR PEER REVIEW 13 of 21 
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Figure 9. Power consumption of the refrigerant compressor.
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Figure 10. Exergy destroyed by the refrigerant compressor.
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Figure 12. Polytropic efficiency of the refrigerant compressor.

Evaluation of the compressor results shows that the energy demand is similar between the operation
and design cases but the amount of exergy destroyed in operation is 25% higher, resulting from a lower
polytropic efficiency. As observed in Figure 12, the third stage has an operating polytropic efficiency
lower than predicted by design. It should be noted that to calculate the polytropic efficiency of an
operating compressor, it is necessary to measure its discharge temperature, which cannot be done for
the first and second stages because there are no internal temperature measurements in the machine.
The third stage is the only stage that has temperature measurement at discharge and it is the only
stage that the actual polytropic efficiency can be calculated, while the efficiency of the other stages
is determined by the performance curve. In summary, because of the unavailability of temperature
measurements inside the compressor, the value calculated for the polytropic efficiency of the third
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stage can allocate the inefficiencies of the other stages. Despite this limitation in the calculation,
the compressor has a lower operating efficiency compared to the projected values.

3.4. Mixing Points Analysis

The mixing points are treated as direct contact heat exchangers, and the greater the temperature
difference between the streams to be mixed, the greater the exergy destroyed.

There are seven mixing points in the refrigeration cycle under evaluation that are presented in
Table 2, which lists their respective locations in the process and their respective names. The mixing
points are also shown in Figure 1.

Table 2. Mixing points of the ethylene refrigeration cycle.

Name Process Point

M0 C-101 Suction

M1 C-102 Suction

M2 C-103 Suction

M3 V-102 Inlet

M4 V-103 Inlet

M5 V-104 Inlet

M6 V-104 Vaporization Point

Figures 13 and 14 show, respectively, the amount of exergy destroyed and the second law efficiency
calculated for the mixing points of the ethylene refrigeration cycle. Note that in the design case,
only the mixing points of the suction of the second and third stages of the refrigerant compressor
show the generation of irreversibilities because these are the points where there is a difference in the
temperature of the ethylene gas, since the gas phases of the interstage vessels cool the discharge from
the previous stage. Despite this, the amount of exergy destroyed is small, and the second law efficiency
is greater than 98%. For the operation case, all the mixing points show exergy destruction, apart from
the mixing points of the ethylene vaporized by the users (M3 and M4).
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Figure 13. Amount of exergy destroyed by the mixing points.
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Figure 14. Exergy efficiency of the mixing points.

Analysis of the data indicates that operating with the first stage mini-flow valve continuously
open is the main reason for the higher generation of irreversibilities in the mixing points because of the
overheating of the ethylene in this section of the process.

Both the first stage mini-flow valve (MFV3) and the valve that controls the level of the first stage
(LV03) use ethylene gas from the outlet of the E-103 cooler, which is at −28 ◦C after pressure reduction.
The mixture of these streams with ethylene vaporized by the first stage users (which is at the saturation
temperature) causes overheating of the ethylene from the suction of the first compression stage.
The first stage temperature control valve (TCV1) should be actuated to reduce the degree of ethylene
overheating. Currently, this temperature control is not operating in automatic mode, which means
that this valve is being actuated manually. This occurs because there is a significant amount of liquid
ethylene after pressure reduction (approximately 20% liquid) and a sudden variation in the control
can cause a liquid carryover into the machine, which may cause actuation of the compressor interlock
system due to high level in the first stage suction vessel (V-104).

Another issue observed was the difference in the temperature value of the produced ethylene
storage tank boil-off stream. By design, the expected temperature value was−100 ◦C, while in operation,
the actual temperature operates at approximately 45 ◦C. It was found that there was an error in the
design when considering a temperature of −100 ◦C for this stream since it exits the discharge of a
reciprocating compressor, whose projected temperature is similar to the value observed in operation.

Thus, mixing these different streams with different temperatures and vapor fraction is the reason
for the greater generation of irreversibilities and the lower efficiency of the M0, M5, and M6 mixing
points in the operation case.

Because of the aforementioned reasons, the ethylene in the first stage suction has approximately
20 ◦C of overheating, which causes an increase in the energy consumption of the compressor due to
the increase in the volumetric flowrate of the gas at suction, increase of the ethylene temperature at the
discharge of each stage, and the increase of exergy destruction in the M1 and M2 mixing points and of
the E-101 exchanger.

3.5. Vessels Analysis

None of the vessels (V-101 to V-104) generated irreversibilities in either evaluated case. This is
because all vessels were considered adiabatic processes with negligible head loss, where only the
separation of the liquid and vapor phases of the feed stream occurs. Other authors reached the same
conclusion [14,17,18].

3.6. Refrigeration Cycle Analysis

Figure 15 shows the total amount of exergy destroyed per type of device in the cycle. The amount
of irreversibilities generated in operation is 22% higher than that predicted in the design.



Energies 2020, 13, 3753 16 of 21

Energies 2020, 13, x FOR PEER REVIEW 16 of 21 

 

Thus, mixing these different streams with different temperatures and vapor fraction is the reason 436 
for the greater generation of irreversibilities and the lower efficiency of the M0, M5, and M6 mixing 437 
points in the operation case. 438 

Because of the aforementioned reasons, the ethylene in the first stage suction has approximately 439 
20 °C of overheating, which causes an increase in the energy consumption of the compressor due to 440 
the increase in the volumetric flowrate of the gas at suction, increase of the ethylene temperature at 441 
the discharge of each stage, and the increase of exergy destruction in the M1 and M2 mixing points 442 
and of the E-101 exchanger. 443 

3.5. Vessels Analysis 444 

None of the vessels (V-101 to V-104) generated irreversibilities in either evaluated case. This is 445 
because all vessels were considered adiabatic processes with negligible head loss, where only the 446 
separation of the liquid and vapor phases of the feed stream occurs. Other authors reached the same 447 
conclusion [14,17,18]. 448 

3.6. Refrigeration Cycle Analysis 449 

Figure 15 shows the total amount of exergy destroyed per type of device in the cycle. The amount 450 
of irreversibilities generated in operation is 22% higher than that predicted in the design. 451 

 452 
Figure 15. Amount of exergy destroyed per device type. 453 

The explanations for the difference found in the exergy balance between the evaluated scenarios 454 
are presented in the specific sections corresponding to each device, which can be summarized as 455 
follows: 456 

 Heat exchangers: The total amount of irreversibilities is lower in operation mainly due 457 
to the lower energy consumption of the users and removal of E-116 from operation. 458 

 Valves and lines: The higher amount of irreversibilities generated in operation is due to 459 
the action of the mini-flow valve (MFV3) and first stage level control valve. 460 

 Compressor: The higher exergy destruction in operation is due to a lower polytropic 461 
efficiency. 462 

 Mixing points: The higher exergy destruction in operation is due to the greater 463 
temperature difference between the streams at the suction of the first stage. 464 

A summary of the performance indicators calculated for the ethylene refrigeration cycle is 465 
presented in Table 3. All calculated indicators confirm the worst performance of the cycle in the 466 
operation case, but each indicator has a different relative variation. 467 

  468 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

Heat Exchangers Valves and Lines Compressors Mixing Points

Ex
er

gy
 (M

W
)

Destroyed Exergy Design Operation
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The explanations for the difference found in the exergy balance between the evaluated scenarios are
presented in the specific sections corresponding to each device, which can be summarized as follows:

• Heat exchangers: The total amount of irreversibilities is lower in operation mainly due to the
lower energy consumption of the users and removal of E-116 from operation.

• Valves and lines: The higher amount of irreversibilities generated in operation is due to the action
of the mini-flow valve (MFV3) and first stage level control valve.

• Compressor: The higher exergy destruction in operation is due to a lower polytropic efficiency.
• Mixing points: The higher exergy destruction in operation is due to the greater temperature

difference between the streams at the suction of the first stage.

A summary of the performance indicators calculated for the ethylene refrigeration cycle is
presented in Table 3. All calculated indicators confirm the worst performance of the cycle in the
operation case, but each indicator has a different relative variation.

Table 3. Summary of the refrigeration cycle performance indicators.

Indicator Type Unit Design Operation Variation

Specific energy consumption 1st Law kJ.kg−1 217.5 233.6 7.4%

COP 1st Law - 1.45 1.16 −20.0%

Reversible work 2nd Law MW 2.59 1.51 −41.8%

2nd law efficiency 2nd Law - 0.33 0.19 −42.5%

Specific energy consumption is the only indicator that does not have a thermodynamic basis, being
only a direct relationship between energy consumption and the flowrate of ethylene that circulates in
the cycle. It is considered an indirect indicator of efficiency, and according to Table 3, this indicator has
the lowest percentage variation.

COP represents the first law of thermodynamic efficiency of the refrigeration cycles, according to
(20). This indicator is calculated based on the energy required to vaporize ethylene at each refrigeration
stage, while the specific energy consumption only makes a correlation between the power and the
circulating refrigerant flowrate. The amount of energy required to vaporize the same mass of ethylene
increases with the reduction of the pressure of each refrigeration stage, and for this reason, the COP
can better represent the cycle performance because it considers the different energy levels at each stage.
In this case, the variation of the COP is higher than that of the specific energy consumption.

Table 3 also shows the performance indicators based on the second law of thermodynamics.
The reversible work of the cycle in operation has a lower value than the design case, because of
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the greater amount of exergy destroyed. The second law efficiency of the cycle is affected by the
greater amount of irreversibilities generated and the higher energy consumption by the refrigerating
compressor in the operation case. The second law indicators are determined from the exergy balance
of the cycle and therefore consider the variations in enthalpy and entropy generation in the process.
Table 3 shows that there is a greater variation in the value of these indicators when compared to the
first law indicators. It is possible to conclude that when the variation in energy quantity and quality
throughout the cycle is considered in the analysis, the performance difference between the evaluated
cases is even greater.

3.7. Identified Opportunities for Refrigeration Cycle Performance Improvement

Two major opportunities to improve the refrigeration cycle performance were identified by
comparing the simulation results of the design and operation cases:

• Refrigerant compressor efficiency recovery, whose value is below that predicted by the compressor
performance curve. This can be achieved by performing general maintenance of this equipment
in the next equipment turnaround.

• Closure of the first refrigeration stage mini-flow valve, through a better flow distribution among
the TCV1, LV03, and MFV3 valves. With the removal of the E-116 exchanger from operation, it is
necessary to maintain a recirculating flow to the first stage to ensure that the compressor does not
operate close to the surge point. Currently, much of this circulation is performed by the anti-surge
control valve, which causes ethylene to overheat at the compressor’s first stage suction. The use
of the TCV1 and LV03 valves can increase the ethylene recirculation in the first stage to the point
that it is no longer necessary to operate with the mini-flow valve open, which reduces the first
stage suction temperature to values near to the saturation point.

• A third case (optimized operation) was simulated considering the implementation of the two
identified opportunities. Figure 16 shows a comparison of the amount of exergy destroyed per
device type for the operation case and for the optimized operation case. There was a reduction of
approximately 4% in the total amount of exergy destroyed in the new case evaluated because of
the better performance of the refrigerant compressor and the lower generation of irreversibilities
at the mixing points.
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Table 4 presents a comparison of cycle performance indicators for all evaluated scenarios.
An improvement in these indicators is observed for the new case when comparing it with the operation
case. It shows an approximate reduction of 0.20 MW in energy consumption of the refrigerant
compressor, which represents a 2.5% reduction in the total consumed power.
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Table 4. Summary of refrigeration cycle performance indicators.

Indicator Unit Design Operation Optimized Operation

Specific energy consumption kJ.kg−1 217.5 233.6 224.9

COP - 1.45 1.16 1.19

Reversible work MW 2.59 1.51 1.56

2nd law efficiency - 0.33 0.19 0.20

Compressor power MW 7.76 7.85 7.66

The better distribution of the first stage circulation flowrate among the TCV1, LV03, and MFV3
valves minimizes the amount of exergy destroyed in the mixing points, because of the reduction in the
first stage suction temperature and subsequent decrease in the discharge temperature of the other stages.
However, when analyzing the amount of exergy destroyed by the recycle valves, it was found that the
number of irreversibilities generated increased by 3%, because of the increase of exergy destroyed by
the level control valve of the first stage drum (LV3). This shows that sustaining a minimum flow to
compensate for the flow reduction, caused by the removal of one of the main users of the first stage,
remains as the main cause of inefficiency in this refrigeration cycle.

4. Conclusions and Future Work

The present study aimed to identify opportunities for reducing the energy consumption of an
ethylene refrigeration cycle of an existing petrochemical plant by conducting an exergetic evaluation
of this process in two scenarios and comparing their results: a design case, which represents how
the plant was designed to operate, and an operation case, which describes the current operational
cycle condition.

The study showed that the amount of irreversibilities generated in operation is 22% above the
predicted value in the design. It was identified that the removal from operation of a heat exchanger
resulted in operation at a higher recycle flowrate to the first stage, ensuring the refrigerant compressor
reliability. Additionally, it was also found that the refrigerant compressor has a lower operating
polytropic efficiency than that projected. For these reasons, the values calculated for the second law
cycle indicators in operation are approximately 40% below that projected.

To quantify the impact of implementing the identified improvement opportunities, a third scenario
was simulated using the same simulation model developed for the cycle. There is a potential reduction
of approximately 2.5% of the cycle’s energy consumption, so it is recommended to implement the
identified improvements.

The authors also recommend the following future work, based on the knowledge acquired: conduct
a complete advanced exergetic analysis of the combined cycles of ethylene and propylene refrigerant
of an olefins plant, identifying the avoidable and unavoidable exergy destruction. Also, apply the
concepts of thermo-economy and perform the optimization of the main users of the refrigeration cycles,
assessing the possible improvements in the process and the refrigerant side.
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Nomenclature

Symbols Units
ex Specific exergy kJ.kg−1

h Specific enthalpy kJ.kg−1

s Specific entropy kJ.kg−1.K−1

T Temperature K
V Specific volume m3.kg−1

P Pressure kPa
g Gravity m.s2

nP Polytropic coefficient -
k Isentropic coefficient -
HP Polytropic head m

.
Wi Work rate MW
.

m Mass flow rate kg.s−1
.
I Exergy destruction rate of irreversibility MW
ψ Exergetic efficiency -
.

Q Heat transfer rate MW
Nex Exergy destruction number -
ξ Specific energy consumption kJ.kg−1

Abbreviations

COP Coefficient of performance
SC Steam cracker
C Refrigerant compressor
E Heat exchanger
VC Control valves
LV Level Control valves
MFV Mini-flow valves
V Vapor-liquid separators vessels
M Mixing points
L Compressor suction lines

Subscripts

0 Reference State
c Compressor
HE Heat Exchanger
In Inlet
Out Outlet
cv Control Valve
M Mixing Points
V Vessel
Rev Reversible
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