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Abstract: This paper presents both the results of a study of the existing heat exchanger network
(HEN) of an industrial unit for ethylbenzene (EB) production by the alkylation of benzene with
ethylene, and an analysis of four different HEN retrofit projects carried out using process integration
methods. The project of modernization of HEN was carried out using classical methods of Pinch
analysis. For this case, the value of AT, is determined, which is limited by the technological
conditions of the process. Additionally, two different heat pump (HP) integration options and the
joint retrofit Pinch project with HP integration are under consideration. The economic analysis
of each of the projects was carried out. It is shown that the best results will be obtained when
implementing the joint project. As a result, steam consumption will be reduced by 34% and carbon
dioxide emissions will be decreased by the same amount.

Keywords: energy efficiency; ethylbenzene production; heat pump; HEN retrofit; Hysys model;
Pinch analysis

1. Introduction

The vital activity of modern society and a man is inseparably linked with the use
of plastic products, which are products of the petrochemical industry. One of the most
important products in the plastics industry is styrene, for which ethylbenzene (EB) is used.

EB is also widely used in the production of rubbers, as a solvent and a component of
high-octane gasolines. Therefore, the capacities for the production of EB are constantly
growing. If the world produced 18,800,000 t. in 1976 [1], then in 2014, 47,000,000 t. were
produced [2]. Increasing competition and stricter environmental standards in developed
countries are forcing petrochemical companies to look for ways to reduce operating costs
and improve energy and environmental efficiency.

Several technologies were developed to reduce the cost of EB production at the end
of the twentieth century. It is the liquid-phase reactive distillation technology [3], the
rectification-based technology using new catalysts with high selectivity and low foul-
ing [4]. A little later, high-intensity two-reactor units for the production of EB [2], and
the process for the production of EB in the adjacent gas-liquid phase [5] were developed.
Ebrahimi et al. proposed a multi-reactor technological scheme for the production of EB
with high selectivity [6]. The work [7] presents an intensified process in a two-column
reactor with recycling.

Analysis of the literature data shows that most of the studies aimed at reducing cost
in the production of EB are associated with a change and intensification of the process of
production of EB itself. However, for working industries, it is interesting to solve another
problem. This is a cost reduction in the production of EB without significant changes in the
process itself.
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Given directing is based on heat integration methods of processes, and, in particular,
the Pinch methodology [8], which has been successfully applied to reduce specific energy
consumption and decrease emissions at operating enterprises of processing industries. The
use of this methodology for optimizing the HEN of coal tar processing processes [9] made
it possible to reduce the specific energy consumption by 24%, at the light hydrocarbon
separation unit by 52% [10]. The development of Pinch analysis methods for performing
the reconstruction of HEN in the presence of strict restrictions enabled to reduce specific
energy consumption by 26% at the crude oil refining unit, taking into account the existing
economic, technical and technological limitations [11]. Wong et al. examined the reliability
of heat exchangers in crude oil heating processes when developing new HEN [12]. Nianqi
Li et al. examined the potential for the application of the target-evaluation method for
HEN retrofit with the consideration of the thermal efficiency [13].

In the work [14] it is shown that, in the process of EB production under study, it is
possible to reduce the specific energy consumption by 5.6% using the classical methods
of Pinch analysis. This value is stipulated by the structure of existing compound curves.
The difficulty in reducing energy consumption in the EB production is that because of the
special structure of the composite curves, a decrease in the driving force of heat transfer
does not allow to achieve the significant energy savings.

The energy efficiency of chemical process systems can be significantly improved by
integrating heat pumps. The use of a heat pump scheme to increase the heat energy
recuperation capacity in dairy production made it possible to reduce energy consumption
by ~1 MW with a payback period of the reconstruction project of about 10 months [15].
The works [16] show the energy-efficient integration of a HP into the titanium tetrachloride
purification process.

The work [17] compares the efficiency of classical Pinch integration and deep integra-
tion with the use of HP for an oil refinery. It is shown that the greatest economic efficiency
is achieved when integrating the HP into the Pinch-integrated process. In the work [18]
an algorithm for choosing the integration of HP for multicomponent and binary mixtures,
depending on the process parameters, is presented. Gai et al. [19] emphasized the impor-
tance of choosing the correct HP type for the thermal requirement of each application and
conducted a comparative evaluation of the performance of the Heat Integration scenarios
of different HP types (vapor compression heat pump, transcritical heat pumps and Joule
cycle heat pump) and processes, by applying the Petro-SIM process simulator and Pinch
analysis. The criterion exergy loss per total capital investment representing the COP in
exergy per total annual cost was proposed by Wang et al. [20] to select HPs based on their
thermodynamic and economic performance. Yang et al. [21] combined Pinch analysis and
simulation-based targeting for placement of HPs in heat exchanger networks.

Jana shows that the integration of a HP with a distillation column saves more than 50%
of the energy consumed in a traditional scheme [22]. Afterwards, Jana examined the vapor
recompression mechanism between the side stream and the reboiler drum of a dividing
wall column [23].

Li et al. [24] considered two options for HP integration, both processes work well with
operating cost savings, and they were economical for separating the ethanol/acetonitrile
binary azeotrope.

The economic efficiency of HP integration for various cases is investigated in the work
of Schlosser et al. [25].

Despite the significant spread of ethylbenzene production, the use of HP integration
in these units is practically not described in the literature. Only in the work [26] is the
analysis of four different grassroots projects with different HP schemes given. There are no
methods for reconstruction of EB production units using HP circuits in the literature.

Therefore, in this work, heat integration of an ethylbenzene production unit using
steam from a HP with a recompression circuit is carried out, and the features of installing a
HP at a production site are described in detail. The article provides a description of the
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design solution and the implementation features on the production site. The economic
indicators of the HP integration project have been determined.

2. Methods

The analysis of scientific studies has shown that the most suitable method for im-
proving the energy efficiency of recuperative heat exchange systems at oil refining and
petrochemical plants is the Pinch analysis method.

This paper presents an algorithm for making decisions about choosing the optimal
project for the reconstruction of ethylbenzene production, taking into account various
economic background (Figure 1).
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Figure 1. The block diagram of the procedure.

The first step was the collection and processing of the initial data, then the obtained
data was verified on the basis of statistical processing and data from the production
process. On the basis of the verified data, a computer model of the process under study
was made. The computer model allowed us to clarify the missing data, in particular, the
thermophysical properties of process flows. Hysys, UniSim design, or similar programs
were used for computer modeling. Based on the data obtained from the simulation, the
Pinch was analyzed and a new HEN was synthesized. The next step was to determine
the potential of the heat pump integration with new HEN. To do this the GCC tool was
used. The final stage of the algorithm is to calculate the economic efficiency of the project
and select the optimal project based on the specified optimal criteria (the highest NPV, the
lowest DPP, and other).

The method for improving the energy efficiency of ethylbenzene production based
on the method of Pinch analysis and heat pump integration is developed. The method
shows the ways of optimal placement of the heat pump in the flowsheet of ethylbenzene
production, depending on the economic prerequisites of planning, this allows to choose
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the optimal project from the point of view of economic efficiency at the design stage of the
new HEN.

3. Description of the EB Production Process

In this paper, we consider an enterprise where the synthesis of EB is carried out with
the help of the method of alkylation of benzene with ethylene in the presence of a complex
compound of aluminum chloride, alkylaromatic hydrocarbons and hydrogen chloride.
The benzene alkylation process is carried out at the temperature of 110-135 °C and at the
pressure of 0.5-2.0 kgf/cm?. In addition to the main reaction, a number of side reactions
occur with the production of polyalkylbenzenes (di, tri, tetra-ethylbenzene). As a result of
the reaction of alkylation and transalkylation, a thermodynamic equilibrium composition
of the reaction products is established. The selectivity of the process and the quality of
marketable products do not change with a change in temperature in the specified range.

EB production capacity is 55,000 t/y. Dried benzene from the K-42 still (Figure 2) is
mixed with the streams of other units and fed as raw material to the K-52 column. The
main product, which is made at the unit, is EB (K-62 distillate).

99 °C
e
Steam —
A > CW
Feed 53 °C 72 °C —
T’@ cw K-42
38 °C K-52
Steam
38 %2 °C Cond. St
° cam
|~ = —=‘1
CW
——=p
cw cw
Ccw K-62 K-72
Steam Steam
>

Figure 2. Schematic diagram of the unit for the production of ethylbenzene. K—distillation column; CW—cooling water.

In the course of the EB production unit technological inspection, the operating param-
eters of the unit were obtained—costs, composition of raw materials and products—using
thermal imaging and stationary devices, and the temperatures of technological streams
were measured.

Based on the analysis of the operating schedule of the EB production unit and the data
collected during the study, a computer model was built in the Aspen Hysys V11 program,
Peng-Robinson thermodynamic fluid package. Basic information about the computer
model is presented in Appendix A.

The results obtained in the simulation of the EB production unit allowed to clarify the
technological data of the streams that can be included in the integration of heat and energy.
It was determined that 12 hot and seven cold streams are involved in the heat exchange
process. Hot streams: vapors from the top of the K-3 alkylator to the T-4/1-3 condensers;
the product of the alkylator K-3 in refrigerators T-10/1,2,3; EB rectified from E-66 to T-89,
then to T-91; steam condensate from E-93 to T-90, then to T-84; benzene vapors from the
top of the K-52 column into the air-cooled condensers T-54/1-3; condensate (returnable
benzene) from the T-54/1-3 condensers flows into the E-56 collector, and, partially, in the
form of reflux, is fed into the K-52 column; the stripping from the T-54/1-3 air coolers is
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directed to the T-55 condenser cooled by circulating water; condensate (returnable benzene)
from the T-55 condenser is fed to the K-52 column; an excess of benzene at the level in
the E-56 tank enters the T-57a refrigerator; vapors of rectified EB from the top of the K-62
column to the T-64 refrigerator; vapors of polyalkylbenzenes from the top of the column
K-72 into air-cooled condensers T-74/1,2; the stripping from the T-74/1.2 apparatus enters
the T-75 condenser; the stripping after the T-75 condenser goes to the steam ejector unit;
then the defrost is condensed in the T-81 heat exchanger; azeotrope vapor from the top of
the K-42 column into the T-44 condenser; the azeotrope condensed in the T-44 apparatus,
having previously cooled in the T-50 heat exchanger, enters together with the condensate
from the T-45 apparatus into the settling chamber of the E-41 tank, where benzene is
separated from moisture; the stripping from the T-44 condenser enters the T-45 cooler; the
bottom liquid of the K-42 column (dried benzene) into the K-3 alkylator through the T-48
heat exchanger, in which it heats the benzene charge fed to the K-42 column; vapors of
hydrocarbons from the top of the column K-112 into condensers T- 114/1.2 and T-114a/1.2;
acidic stripped water from the bottom of the K-112 column to the T-114b/1, T-114b/3
refrigerators in parallel, then after the T-114b/1 to the T-114b /2, after the T-114b/3 to the
T-114b /4, where it is cooled by circulating water and sent to the E-116 settling tank.

Cold streams: Alkylate from tanks E-10, E-11, E-12 to heat exchanger T-88, then to
heat exchanger T-89, after the alkylate is sent to heat exchanger T-90, where it receives
heat from steam condensate from E-93, after T-90, alkylate goes to rectification in K-52; the
bottom liquid of the K-52 column into the T-53 boiler, heated by steam 12 kgf/cm?, then
returns back to the K-52; the bottom liquid of the K-62 column into the T-63 boiler, heated
by steam 28 kgf/ cm?, then returns back to the K-62; steam condensate from E- 83/1.2 vat
liquid of column K-72 enters the boiler T-73, heated by steam 28 kgf/cm?, then returns
back to K-72; benzene charge (fresh and returnable benzene) from containers E-13, E-14
and benzene-distillate from E-41, into the heat exchanger T-48 and into the heat exchanger
T-48b then enters the K-42; part of the bottom liquid of the K-42 column (hot jet) is heated
in the T-43 boiler, which is heated with steam 2.5 kgf/ cm?, then returns back to the K-42.

Steam is used as a hot coolant in column-reboilers (K-42, K-52, K-62, K-72) (Figure 2).
Recycled water is used to cool the streams. As a result, a stream data table [27], which is a
digital representation of the HEN of the unit (Table 1), was built.

Table 1. Stream data ethylbenzene production process.

No Stream Type Ts(°CO) Tr(°C) CP((kW/K) AH (kW)
1 Steam K-3 Hot 114.0 27.0 8.5 740.5
2 Product K-3 Hot 114.0 44.0 8.0 557.0
3 Ethylbenzene rectified Hot 99.6 21.0 1.9 148.2
4 Steam condensate from E-93 Hot 115.0 91.0 8.0 193.6
5  Denzenesteamfromthetop — pp g9 359 31.2 1595.6

K-52
6 Excess benzene from E-56 Hot 38.1 31.0 3.5 25.0
71 Ethylbenzene rectified steam Hot 136.0 136.0 3 2088.9
K-62

7.2 Ethylbenzene cooling Hot 136.0 99.5 12.2 4464
8 Steam PAB from K-72 Hot 90.2 42.0 3.0 146.8
9 Azeotrope steam from K-42 Hot 76.9 23.0 59 319.0

10 Distillation fluid K-42 Hot 92.7 90.0 37.7 100.0
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No Stream Type Ts(°C) Tr(°C) CPkW/K) AH (kW)
11 Hydrocarbon steam K-112 Hot 99.0 45.0 0.01 0.54
1 Sour boiled water from a cube Hot 99.4 270 83 6013
K-112
13 Alkylate from E-10, E-11, E-12 Col 38.0 72.0 6.2 211.7
14 Distillation fluid K-52 Col 153.1 156.0 578.7 1691.3
15 Distillation fluid K-62 Col 189.5 191.3 1413.7 2441.1
16 Distillation fluid K-72 Col 162.3 187.0 12.3 3303.0
Benzene charge from E-13,

17 E-14, E-41 Col 38.2 41.0 36.2 100.0
18 Hot jet K-42 Col 92.7 95.8 168.3 527.1

4. Determination of the Potential for Energy Saving in the Process of EB Production

To analyze the energy efficiency of the existing HEN, economic data relevant to the
enterprise in question were clarified. Low pressure steam costs $ 27/t, medium pressure
steam costs $ 31/t, and high pressure steam costs $ 51/t. The cost of the installed heat
exchange equipment is determined by the ratio [28]:

CHE = 4 x10*+10% x (5)°%, 3, 1)

where: S—heat exchange surface area of heat exchanger; 0.87—factor reflecting the non-
linear dependence on the value of the cost of the heat exchanger to the heat transfer surface.

The HEN of the existing process consists of three recuperative heat exchangers T-48,
T-89, and T-90 with a total heat load equal to Qe = 312 kW. Further, using the stream
data table and special software [29], composite curves were constructed for the existing EB
production process, so that the projection of the overlap of cold and hot composite curves
along the stream enthalpy axis was equal to the heat recuperation capacity in the existing
HEN unit (Figure 3a). This graphical plot shows clearly the values of the payloads used by
the hot and cold utilities process: Qpmin =4.962 kW and Qcmin = 6.647 kW, respectively. The
composite curve diagram also shows the Pinch location in the process streams system. The
minimum temperature difference between heat carriers in the heat exchange equipment of
the existing HEN for vertical heat transfer is AT, = 43 °C, and the Pinch is localized at
the Pinch temperature of hot process streams Ty, = 136 °C and cold streams T, = 93 °C.

The obtained values allow to display correctly the grid diagram of the existing HEN
process (Figure 4). We see that the entire heat exchange system of the EB production facility
is located below the Pinch, where some of the hot utilities are also used. At present, on
average, ~8.1 t. of steam per hour are consumed to carry out the process of EB production.

Using the stream data table and economic data with the help of Pinch SELOOP
software [29], we construct functional dependencies of the discounted values of the energy
cost, the cost of modernization HEN, and the total cost of the project (Figure 5). Since the
structure of the composite curves shows that it is impossible to make the driving forces
for vertical heat exchange less than 40 °C in the system of technological flows of the EB
production process; therefore, the cost dependences begin precisely from this value, and
it is at this value that the minimum value of the total present value of the reconstruction
project AT mingpt is observed (Figure 5).
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2—cold composite curve.
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Figure 5. Dependence of the discounted values on the minimum value of the driving force of heat
exchange in the heat energy recovery system of the EB production process. 1—the total present
value of the project; 2—the annual cost of the used useful energy; 3—the reduced value of capital
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For this value of the heat transfer minimum driving force, we construct composite
curves for the technological streams involved in heat transfer of the EB production process
(Figure 3b). The construction shows that the heat recovery capacity can be increased
by 527.1 kW to the value Q.. = 838.7 kW, the capacity of hot and cold utilities will be
decreased by the same amount, i.e., to the values Qpmin = 4435.3 kW and Qcmin = 6119.9 kW,
respectively. The Pinch in this case is localized at the Pinch temperatures of hot flows
Ty =136 °C and cold flows T, = 96 °C (Figure 3b).

Further, the synthesis of the retrofit project is in many ways similar to the synthesis
of the reconstruction project for threshold problems [27], since the entire HEN is located
below the Pinch. By replacing the low-pressure steam that heats the hot stream of the K-42
column with the EB vapor from the top of the K-62 column, we exclude the consumption
of low-pressure steam. This requires one new heat exchanger N-1 (Figure 5). The cost of
installing the heat exchanger will be about USD 258,503.

Despite the good relative economic performance, the 10-year discounted cash flow
is negligible at less than USD 1 million (Table 2). Economic efficiency indicators were
calculated under the following planning assumptions such as discount rate 5%, planning
horizon (calculation period) 10 years.

Table 2. Economic assessment of the retrofit project.

Parameter Value

Planning horizons, years 10

Saving steam, payload (MW) 0.53

Saving steam (t/h) 0.90
Capital cost§ ir'lch'lding unit and 258,503

commissioning, USD

NPV, USD 956,416

IRR,% 93

DPP, year 3.0

PI 5.0
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Figure 3b shows clearly that the minimum temperature difference, equal to
AT min = 40 °C, is the limiting value with an increase in the heat recovery power in the
process under consideration by the methods of classical Pinch analysis. This value is
achieved when organizing heat exchange between the technological overhead stream of
ethylbenzene vapor from the K-62 column and the hot jet from the K-42 column (Figure 5).
The use of this stream as a hot heat carrier for other heat consumers (bottom heating of
K-52, K-62, K-72) is limited by its current temperature and the condensation temperature
at the initial pressure.

5. Integration of the Heat Pump with the EB Production Process

To deepen the thermal integration of the EB manufacturing process, let us consider the
grand composite curve (GCC) with the heat integration of the process already performed
(Figure 6). GCC is a tool for the optimal placement of utilities and heat engines in the
Pinch methodology. The GCC analysis for the considered EB production process shows the
possibility of organizing at least two heat pump technological schemes. This is facilitated
by the compact layout of the equipment at the ethylbenzene production unit, which allows
integrating a heat pump between two columns. This allows the conversion factor of the
heat pump to be increased and the economic efficiency of the heat pump integration is
greatly increased.

CP,kW/K AH, kW
136 °C

8.5 740.5

8.0 556.9

19 148,2

8.0 192.7

69.4 25323

3.0 146.8

59 3189

377 100.0

0.01 0.5

83 601.3

6.2 211.7

156 °C ¢ ’ ’
% 5787 16913

191 °C ~190°C T-53
(15] 14137 24411
T-63
187 °C 162,°C 123 3030
R i (3 A
73 03eC 48 362 1000
96 °C ‘ T-
18|
N-1 168.3 527.1
96 °C

Figure 6. Grid diagram of the retrofit project for the HEN of the EB production unit.

In both options for integrating a heat pump with columns, we will consider a recom-
pression scheme.

In the first variant, E-benzene vapors from the top of the K-62 column enter the
separator, where the vapor part is separated from the condensate, the vapor part enters
the compressor, the vapor pressure in the compressor rises to 3 at, while the temperature
of the compressed gas increases from 139 up to 183 °C. After the compressor, as a hot
carrier, the compressed EB vapor enters the N-1 reboiler, heating the bottom of the K-52
column, after which it is cooled to the target temperature in the water cooler. The heat
load that is removed when the flow is cooled is 2532 kW. Due to the fact that, in the K-62
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distillate stream, in addition to E-benzene there are impurities of other hydrocarbons, the
condensation process occurs unevenly, with a decrease in the stream temperature. The
simulation results show that when using the compressed stream to supply heat to the
bottom of the K-62 column, 1691 kW can be effectively transferred, taking into account the
compressor power. Further heat transfer is limited by the drop in temperature difference
due to condensation of a multicomponent mixture, while an increase in compression does
not give an economically justified result.

In the second variant, EB vapor from the top of column K-62 is also used as a com-
pressed stream. E-benzene vapors from the top of the K-62 column enter the separator,
where the vapor part is separated from the condensate, the vapor part enters the com-
pressor, the vapor pressure in the compressor rises to 11 at, while the temperature of the
compressed gas increases from 139 to 257 °C. After the compressor, as a hot carrier, the
compressed EB vapor enters the N-1 reboiler, heating the bottom of the K-62 column, after
which it is cooled to the target temperature in the water cooler. Here, the capacity removed
from EB vapors is 1191 kW, but due to the higher power on the compressor shaft, a heat
capacity equal to 1691 kW is transferred to the hot jet K-62.

The efficiency of heat pump integration is assessed by calculating the Coefficient of
Performance, which is defined as the ratio of the useful energy transferred to the process to
the work expended on it. However, in real conditions, the conversion factor of a heat pump
is not always an objective criterion for assessing the location of a heat pump; therefore,
economic criteria were also used in the work.

The conversion ratio of the heat pump is calculated as:

COP = (QHP+W)/W, ()

For first option: Where Qryy = 1441 kW, and W = 250 kW, COP = 6.76.

Second option: Qry = 1191 kW, and W = 500 kW, COP = 3.38.

Further comparison of the two options for placing the heat pump is carried out taking
into account the fact that the heat exchangers provide the same logarithmic temperature
difference, the load of the heat exchangers is also identical (Figures 7 and 8). Therefore, it
can be assumed that the heat exchange surface area and the cost of heat exchangers will be
the same. The model of the reconstruction project according to the heat pump scheme is
shown in Figure 4. N-1—plate heat exchanger. Average heat transfer coefficient (without
contamination) is ~200 W/ (m? K). In addition, the heat exchange surface area is ~141 m?
(reserve 25%).

Despite the fact that in the two considered options, the loads on the new recuperative
heat exchangers are the same, the cost of hot utilities in each case is different. This
significantly influences the decision on the location of the heat pump. The price of the
medium pressure steam is 34 USD/t, the price of the high pressure steam is 51 USD/t. The
high cost of high-pressure steam is a common case, this is due to the fact that high-pressure
steam is generated in a CHP, and medium-pressure steam can be obtained directly at
the process plant (for example, by recovering heat from flue gases). Comparison of the
economic parameters of the two projects is presented in Table 3.

The results of economic analysis show that the indicators of the first and second
projects are quite close, in addition, the NPV of the second project is 24% higher than the
NPV of the first project. These results show the importance of economic assessment on
decision making of suitability of the project implementation. In this case, the key parameter
was the payback period; it was decided to implement the first option for integrating the
heat pump.
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Figure 7. GCC of the EB production process. Qpp—heat output transported by the HP, W—is the
power on the shaft of the HP compressor.

Reboiler N-1
Duty 1691 kW
Tube Side Feed Mass Flow 22 tonne/h
Shell Side Feed Mass Flow 35 tonne/h
Tube Inlet Temperature 181 C
Tube Outlet Temperature 178 C
Shell Inlet Temperature 153 C —t— =
Bottom Cw_1
Steam Shell Outlet Temperature 156 C DC
PIPE-100 PIPE-101 K-52
26 9 — 113 .
Steam from the top DC (KﬁZP'”s Q112 Reboiler Cooler
Compressor N-1
Bot Hot Cw_2
jet
K-52
PIPE-100
Feed Temperature 139 C Compressor
Product Temperature 139 C Power 250 kW
Heat Loss 11 kW Capacity (act feed vol flow) 6330 ACTm*/h
Pipe length (Pipe Length_1) 100 m Feed Pressure 106 kPa
Qutside Diameter (Qutside Diameter_1) 500 mm Product Pressure 299 kPa
Pressure Drop 1 kPa Product Temperature 183 C
Mass Flow 22 tonne/h

Figure 8. Hysys model of HP integration between columns K-62 and K-52 (Option No. 1).

The presented flowsheet (Figure 9) works as follows—helmet vapors K-62, constituting
a multicomponent mixture with a mass fraction of ethylbenzene of 96%, enter the separator,
where the liquid and gas phases are separated, after which the gaseous part enters the
compressor, consisting of three stages, after the first and second stages, separators are
installed to drain the liquid phase. After the third stage, the compressed vapors as a hot
heat carrier enter the new heat exchanger N-1, where they give off heat, heating the cube of
the K-52 column. The HP integration reduces heat consumption and the load on the cooling
system. Due to the integration of the HP, the steam savings will be 2.9 t/h, and the rated
power consumption on the compressor shaft will be 250 kW. Detailed characteristics of the
compressor are shown in Figure 10. The project provides for the unit of a compressor, heat
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exchanger and liquid phase separators. Due to the fact that the compressor and separators
of the first and second stages have significant weight and dimensions, their unit in the
upper part of the column is not advisable in practice, for the unit of the compressor the zero
mark has been chosen. When the steam of the column moves to the zero point, condensate
is formed in the steam, as a result of which a separator must be installed in front of the inlet
of the compressed gas into the first stage of the compressor. It should also be noted that
practical implementation will require a separate foundation for installing the compressor.

Table 3. Comparison of the economic indicators of retrofit projects for the unit of EB production with
the integration of a heat pump.

Pinch Project + HP

P t HP Option 1 HP Option 2 .
arameter ption ption Option 1
Planning horizons, years 10 10 10
Saving steam, payload (MW) 1.7 1.7 22
Saving steam (t/h) 2.9 29 3.8
ital costs includi it and
Capital costs including unit an 1,418,600 2,730,100 1,670,100
commissioning, USD
NPV, USD 2,614,400 3,248,400 3,706,300
IRR,% 49 34 58
DPP, year 4.0 4.8 3.7
PI 3.0 2.3 3.4
Reboiler N-2
Duty 1691 kw
Tube Side Feed Mass Flow 22 tonne/h
Shell Side Feed Mass Flow 30 tonne/h
Tube Inlet Temperature 254 C
Tube Outlet Temperature 196 C
Shell Inlet Temperature 190 C
Shell Outlet Temperature 191 C
Bcc):ttom W_1-2
PIPE-100-2 PIPE-101-2 K-62
i T s
from the Q-115-2 ﬁ?zbmler Cooler-2
top DC Compressor-2
(K-62)-2 Bot-2 I Hot CW_2-2
Q-112-2 jet
K-62
PIPE-100-2 Compressor-2
Feed Temperature 139 C Power 500 kW
Product Temperature 139 C Capacity (act feed vol flow) 6330 ACT m"’/h
Heat Loss 11 kKW Feed Pressure 106 kPa
Pipe length (Pipe Length_1) 100 m Product Pressure 1,13e+03 kPa
Outside Diameter (Outside Diameter_1) 500 mm Product Temperature 257 C
Pressure Drop 1 kPa
Mass Flow 22 tonne/h

Figure 9. Hysys model of the HP integration with column K-62 (Option No. 2).
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Figure 10. Schematic diagram of operation compression system for the HP integration in the first case.

Note that when implementing any of the projects for integrating the heat pump with
the EB production process, the steam savings will be more than three times greater than
with the Pinch integration. At the same time, in all cases, the thermal potential of the helmet
vapor of the K-62 column is used to increase the heat recuperation capacity. The capacity
that is released during the condensation of these vapors is sufficient for simultaneous
use for both Pinch integration and heat pump integration. Therefore, we can consider
joint Pinch integration and heat pump integration not as a complex solution, but as a
step-by-step solution. Step-by-step retrofit of HEN systems is more acceptable at existing
enterprises. Therefore, we can combine Pinch integration with heat pump integration in
the first option. Hysys model of such a solution is shown in Figure 11.

HE-1

Reboiler N-1
Duty 1691 kw
Tube Side Feed iiass Fiow 22 tonnein

27 KW
Tube Side Feed Mass Flow 22 tonne/h

Shell Side Feed Mass Flow 25 tonne/h
Tube Inlet Temperature 178 C

Tube Inlet Temperature 181 C -~
Tube Outlet Temperature 178 C :
Sheli iniet Temperature > —
Steam | °  —
PIPE-100 L_ | ‘s CW_1
G I separator |, g
L = 10 1 ) T L. St_1_3 St_1_4 ~—ISt_ 1.5
a g | A | =18 M
[ = | NE0Giier | [i=ty] | | Laoaier
—_—— H H H
Hot Hot L !
jet jet '
PIPE-100 K-52 K-42 B%Fm’“
Feed Temperature 139 C K-42
Product Temperature i39 C Compressor
= = 11 kW Power 250 kW
Pipe length (Pipe Length_1) 100 m Capacity (act feed vol flow) 6330 ACTm’/h
Outside Diameter (Outside Diameter_1) 500 mm Feed Pressure 106 kPa

Pressure Drop

i kPa

Figure 11. Hysys model step-by-step Pinch integration and HP integration between columns K-62 and K-52.

Here, E-benzene vapors from the top of the K-62 column enter the separator, where
the vapor part is separated from the condensate, the vapor part enters the compressor, the
vapor pressure in the compressor rises to 3 at, while the temperature of the compressed
gas increases from 139 to 183 °C. After the compressor, as a hot coolant, compressed
ethylbenzene vapors enter the N-1 reboiler, heating the bottom of the K-52 column, after
which they are sent to the HE-1 reboiler, in which the bottom of the K-42 column is heated
and then partially condensed K-62 vapors are cooled to the target temperature in the
water cooler.

The comparison of the economic results for the three configurations of integrating
of the heat pump with the EB manufacturing process shows that the combined project
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gives the best results. (Table 3). In the case of combining Pinch integration with heat pump
integration, the discounted payback period is the smallest one, and the IRR and NPV are
the largest one. Steam consumption will be decreased by 3.01 t/h to accommodate the
reduction in hot and cold utilities for power generation for the compressor. This is 37% less
than the current consumption of the process. Considering that the coefficient of efficiency
of steam production is ~0.7; greenhouse gas emissions will be decreased by ~1 t/h. The
given project can be completed in stages and it is the best one.

Analysis of the bank’s value of interest rates shows that during the year their value
can be changed several times. Comparison of the change in the value of net cash flow with
the change in the Interest rate shows that the lowest NPV value will be observed when the
project of the Pinch retrofit is implemented, but for the same project, the lowest discounted
payback periods are observed (Figure 12).

NPV, M$ DPP

5 10 15 Interest rate, % 5 10 15 Interest rate, %
(a) (b)

Figure 12. Comparison of the main economic indicators for the projects of the EB production unit retrofit, depending on the
value of the Interest rate: (a) For the net present value; (b) discounted payback period. 1—Pinch retrofit; 2—integration
of a heat pump between columns K-62 and K-52 (case 1); 3—integration of the heat pump with the column K-62 (case 2);
4—combining Pinch retrofit and option 1.

When integrating a heat pump according to option 1 for all values of interest rate, the
discounted payback period is shorter than when integrating a heat pump according to
option 2, but for low values of interest rate, NPV for option 2 is greater than for option 1
(Figure 11). However, at large values of the interest rate, the advantage of option 1 over
option 2 becomes obvious.

The largest generation of capital, for all values of the Interest rate, will be observed
during the implementation of the stage-by-stage Pinch reconstruction and retrofit project
according to option 1. Therefore, this particular project is the most preferable.

6. Conclusions

In this work, the thermal integration of the existing EB production is carried out.
For this, a survey and analysis of the EB production facility was carried out, a Hysys
simulation model of the facility was built, and a new methodology was developed, which
is presented in the article in the form of a block diagram of an algorithm for performing
thermal integration of the EB production process.

In the presented work, four variants of the modification of the recuperative heat
exchange system for the existing production of EB are investigated. The first of them
is the modification of HEN using the methods of classical Pinch analysis, which makes
it possible to reduce the consumption of hot utilities by 10.7%, and this value in this
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approach is the largest, since the further reduction of utilities is limited by the structure of
technological flows.

To increase the heat recovery power in HEN, two modifications have been proposed
using the integration of a recompression heat pump.

In both cases, the vapor from the top of the rectified ethylbenzene production column
is used for recompression. In the first embodiment, the compressed vapors are fed to the
reboiler of the recycle benzene stripper. In the second variant, the hot jet of the rectified
ethylbenzene separation column is heated with compressed vapors (i.e., HP integrates with
one K-62 column).

In both integration options, hot utilities are reduced by 1691 kW, or 34%, but in the
first option, the power on the compressor shaft is 250 kW, and in the second option, it
is 500 kW. Despite the fact that in the second case compressed EB vapors replace more
expensive high-pressure vapor, the payback period of this option is longer than that of the
first HP integration option, so the first option turned out to be preferable.

Analysis of the proposed options for HEN reconstruction using classical Pinch analysis
and using HP integration has shown that the combination of these methods does not
represent a complex solution, but can be considered sequentially. Therefore, combining
the flowsheet obtained with the help of the classical Pinch analysis with the preferred HP
integration option, we obtain the most effective project for the HEN modernization of an EB
production unit. The implementation of this reconstruction project will reduce the average
steam consumption by ~3.01 t/h or 37% of the existing consumption, while reducing CO,
emissions by 1.0 t/h. It should also be noted that the use of combined thermal integration
of ethylbenzene production by classical Pinch analysis methods with optimal integration of
a heat pump allows reducing the average steam consumption by more than 30% compared
to previously performed works that used only Pinch analysis to integrate ethylbenzene
production. This reconstruction option generates the largest capital out of all considered
at various values of the interest rate, and its payback period is only inferior to the Pinch
integration project.
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Nomenclature

Abbreviations

BP boiling point

CcC composite curves

GCC grand composite curves
cor coefficient of performance
DPP discount payback period
EB ethylbenzene

HEN heat exchanger network
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HP heat pump
IRR internal rate of return
NPV net present value
PI profitability index
TS supply temperature
TT target temperature
Symbols
Ccp flowrate heat capacity (kW)
Qcmin requirement for cold utility (kW)
QHmin requirement for hot utility (kW)
QRec heat recovery (kW)
S heat exchange surface area of heat exchanger (m?)
T temperature (°C)
Greek Symbols
AH change of stream enthalpy (kW)
ATmin minimum allowed temperature difference (°C)
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Figure Al. Aspen Hysys model of ethylbenzene production. CW—cool water; K-42—azeotropic drying tower; K-52—
recycle benzene stripper; K-62—rectified ethylbenzene recovery column; K-72—column for separating polyalkylbenzenes

from tar; Q—compressor; T—heat exchanger.
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References
1.  Gerziliev, LM.; Khadzhiev, S.N.; Sakharova, LE. Ethylbenzene Synthesis and Benzene Transalkylation with Diethylbenzenes on
Zeolite Catalysts. Pet. Chem. 2011, 51, 39—48. [CrossRef]
2. Yang, W.; Wang, Z.; Sun, H.; Zhang, B. Advances in development and industrial applications of ethylbenzene processes. Chin. J.
Catal. 2016, 37, 16-26. [CrossRef]
3. Wang, Y.Q. Present Situation and Progress in Ethylbenzene/Styrene technology. Petrochem. Technol. 2001, 30, 479-485.
4. Lloyd, L. Fundamental and Applied Catalysis: Handbook of Industrial Catalysts; Springer Science: London, UK, 2011.
5. Liu, S,; Chen, E; Xie, S.; Zeng, P.; Du, X,; Xu, L. Highly selective ethylbenzene production through alkylation of dilute ethylene
with gas phase-liquid phase benzene and transalkylation feed. J. Nat. Gas Chem. 2009, 18, 21-24. [CrossRef]
6.  Ebrahimi, A.N.; Sharak, A.Z.; Mousavi, S.A.; Aghazadeh, F.; Soltani, A. Modification and optimization of benzene alkylation
process for production of Ethylbenzene. Chem. Eng. Process. 2011, 50, 31-36. [CrossRef]
7.  Hussain, A.; Minh, L.Q.; Lee, M. Intensification of the ethylbenzene production process using a column configured with a side
reactor. Chem. Eng. Process. 2017, 122, 204-212. [CrossRef]
8.  Klemes, ].J.; Varbanov, P.S.; Walmsley, T.G.; Jia, X. New directions in the implementation of Pinch Methodology (PM). Renew.
Sustain. Energy Rev. 2018, 98, 439-468. [CrossRef]
9.  Ulyev, LM,; Kapustenko, P.A.; Vasilyev, M.A.; Boldyryev, S.A. Total Site Integration for Coke Oven Plant. Chem. Eng. Trans. 2013,

35, 235-240.


http://doi.org/10.1134/S0965544111010038
http://doi.org/10.1016/S1872-2067(15)60965-2
http://doi.org/10.1016/S1003-9953(08)60071-7
http://doi.org/10.1016/j.cep.2010.10.011
http://doi.org/10.1016/j.cep.2017.10.003
http://doi.org/10.1016/j.rser.2018.09.030

Energies 2021, 14, 3839 18 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ulyeyv, L.; Vasilyev, M.; Maatouk, A.; Duic, N.; Khusanov, A. Total Site Integration of light hydrocarbons separation process. Chem.
Eng. Trans. 2016, 52, 1-6.

Ulyev, L.; Vasiliev, M.; Boldyryev, S. Process integration of crude oil distillation with technological and economic restrictions. J.
Environ. Manag. 2018, 222, 454—-464. [CrossRef]

Wang, B.; Klemes, |.; Varbanov, P; Zeng, M.; Liang, Y. Heat Exchanger Network synthesis considering prohibited and restricted
matches. Energy 2021, 225, 120214. [CrossRef]

Li, N.; Wang, J.; Klemes, J.; Wang, Q.; Varbanov, P; Yang, W.; Liu, X.; Zeng, M. A target-evaluation method for heat exchanger
network optimisation with heat transfer enhancement. Energy Convers. Manag. 2021, 238, 114154. [CrossRef]

Yoon, S.-G.; Lee, ].; Park, S. Heat integration analysis for an industrial ethylbenzene plant using pinch analysis. Appl. Therm. Eng.
2007, 27, 886-893. [CrossRef]

Kapustenko, P.A.; Ulyev, L.M.; Boldyryev, S.A.; Garev, A.O. Integration of heat pump into the heat supply system of cheese
production plant. Energy 2008, 33, 882-889. [CrossRef]

Ulyev, L.M,; Sivak, V.V. Pinch integration of heat pumps into the titanium tetrachloride purification process. Process Integr. Energy
Sav. 2013, 2, 35-43. (In Russian)

Farhanieh, B.; Sunden, B. Analysis of an existing heat exchanger network and effects of heat pump unit. Heat Recovery Syst. CHP
1990, 10, 285-296. [CrossRef]

Kiss, A.A.; Landaeta, S.J.F,; Ferreira, C.A.I. Mastering heat pumps selection for energy efficient distillation. Chem. Eng. Trans.
2012, 29, 397-402.

Gali, L.; Varbanov, P.; Walmsley, T.; Klemes, ]. Critical Analysis of Process Integration Options for Joule-Cycle and Conventional
Heat Pumps. Energies 2020, 13, 635. [CrossRef]

Wang, M.; Deng, C.; Wang, Y.; Feng, X. Exergoeconomic performance comparison, selection and integration of industrial heat
pumps for low grade waste heat recovery. Energy Convers. Manag. 2020, 207, 112532. [CrossRef]

Yang, M.; Li, T.; Feng, X.; Wang, Y. A simulation-based targeting method for heat pump placements in heat exchanger networks.
Energy 2020, 203, 117907. [CrossRef]

Jana, A.K. Advances in heat pump assisted distillation column: A review. Energy Convers. Manag. 2014, 77, 287-297. [CrossRef]
Jana, A K. Performance analysis of a heat integrated column with heat pumping. Sep. Purif. Technol. 2019, 209, 18-25. [CrossRef]
Li, X.; Cui, C,; Li, H.; Gao, X. Process synthesis and simulation-based optimization of ethylbenzene/styrene separation using
double-effect heat integration and self-heat recuperation technology: A techno-economic analysis. Sep. Purif. Technol. 2019, 228.
[CrossRef]

Schlosser, F; Jesper, M.; Vogelsanga, J.; Walmsleyc, T.G.; Arpagaus, C.; Hesselbach, J. Large-scale heat pumps: Applications,
performance, economic feasibility and industrial integration. Renew. Sustain. Energy Rev. 2020, 133, 110219. [CrossRef]
Junqueiraa, P.G.; Caxianoa, LN.; Mangilia, P.V.; Prata, D.M. Environ-economic analysis of conceptual intensification alternatives
applied to the ethylbenzene production. Comput. Chem. Eng. 2020, 136, 106783. [CrossRef]

Smith, R.; Klemes, J.; Tovazhnyansky, L.; Kapustenko, P.; Ulyev, L. Fundamentals of Heat Process Integration; NTU “KhPI”: Kharkov,
Ukraine, 2000. (In Russian)

Ulyev, L.M,; Kanishev, M.V,; Vasilyev, M.A.; Maatouk, A. Energy Efficiency Retrofit of Two-Flow Heat Exchanger System. Chem.
Eng. Trans. 2018, 70, 1513-1518.

Kanischev, M.V.; Chibisov, R.E.; Ulyev, L.M. Pinch—SELOOP Program for Performing Pinch and SELOOP Analysis in Industrial
and Utility Enterprises, Certificate of Registration of a Computer Program. RU 2019614357, 3 April 2019; Application No.
2019611428, 14 February 2019.


http://doi.org/10.1016/j.jenvman.2018.05.062
http://doi.org/10.1016/j.energy.2021.120214
http://doi.org/10.1016/j.enconman.2021.114154
http://doi.org/10.1016/j.applthermaleng.2006.09.001
http://doi.org/10.1016/j.energy.2008.02.006
http://doi.org/10.1016/0890-4332(90)90009-9
http://doi.org/10.3390/en13030635
http://doi.org/10.1016/j.enconman.2020.112532
http://doi.org/10.1016/j.energy.2020.117907
http://doi.org/10.1016/j.enconman.2013.09.055
http://doi.org/10.1016/j.seppur.2018.07.011
http://doi.org/10.1016/j.seppur.2019.115760
http://doi.org/10.1016/j.rser.2020.110219
http://doi.org/10.1016/j.compchemeng.2020.106783

	Introduction 
	Methods 
	Description of the EB Production Process 
	Determination of the Potential for Energy Saving in the Process of EB Production 
	Integration of the Heat Pump with the EB Production Process 
	Conclusions 
	
	References

