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Abstract. Improving the efficiency of use of energy resources at large-capacity energy-consuming
enterprises in the petrochemical industry in conditions of high internal and external competition is
the priority for the development of the fuel and energy industry. This is confirmed by various
legislative acts, including the energy strategy of the Russian Federation for the period up to 2035.
This research focuses on a high-temperature section of dehydrogenation of isoamylenes into
isoprene, the production of which relates (isoprene production relates to large petrochemical
enterprises that consume a huge amount of energy resources) to large-capacity energy-consuming
industries. To increase the thermodynamic efficiency of the research object, regenerative feedwater
heating for heat recovery boilers is proposed due to deeper cooling of fuel and contact gas (the term
"contact gas" is used in the technological regulations of an isoprene production company), which
are secondary thermal energy resources in this technology. In accordance with the industry’s
technology regulations, a block diagram of the initial and improved high-temperature section with
the indication of material flows (The term "material flow" refers to the type of substances that are
used in the high-temperature dehydrogenation stage of isoamylenes) was developed. The balance
equations of the section under consideration are provided, and the thermal efficiency and exergy
efficiency for systems utilizing fuel and contact gas are determined. The estimated economic effect
was determined in physical terms; it was found to be 2008.58 toe/h. An exergy flow diagram is also
provided to show how the system utilizes contact gas.
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1. Introduction

The petrochemical industry is characterized by high energy intensity. Thermal energy
costs reach 30-40%, making it difficult for enterprises in this industry to save energy. This
is particularly problematic given the rapid increase in fuel prices currently observed both
in Russia and around the world (Garcia-Olivares, 2015; Shkrabets and Berdnyk, 2016).

One of the most promising areas of energy savings in the industry is the organization
and improvement of energy technology complexes, where building energy in main
technological processes can significantly reduce fuel and energy consumption without
changing the structure and parameters of the processing line or affecting established
product indicators (Balzamov and Konakhina, 2010).

The application of the principle of energy technological combination (This principle
implies the joint elaboration of a technological product and an energy resource) (ETC)
becomes an indispensable prerequisite when designing new productions in the
petrochemical industry. The ETC principle can be implemented at existing enterprises by
having systems utilize secondary energy resources (SERs) not used in the main production
processes (Patrascu and Minciuc, 2012; Kosasih and Ruhyat, 2016; Ketoeva et al., 2019). A
promising direction for fuel and energy optimization at industry is the introduction of
regenerative heating in heat transfer agents utilizing the heat rejected into the environment
(Kusumabh et al., 2019; Kusrini and Kartohardjono, 2019).

Organic synthesis enterprises have many SERs, and their utilization can significantly
reduce fuel consumption. At present, their actual use in relation to their potential use is
currently about 40%. The beneficial use of SERs at Russian enterprises is about 40%
(Nazmeen and Konakhina, 2002). This is because most SERs produced at petrochemical
enterprises are low-temperature thermal SERs, which cannot be used in high-temperature
heat technologies. Therefore, the implementation of low-potential SERs in energy balance
in petrochemical industries is a topical issue.

Isoamylenes undergo dehydrogenation to produce isoprene, in accordance with the
accepted classification (Nazmeen and Konakhina, 2002) has a classification of technological
processes by temperature regime. These processes are subdivided into high-temperature,
medium-temperature and low-temperature (Nazmeen and Konakhina, 2002), is related to
the high-temperature stage of isoamylenes, since the temperature of the main technological
process exceeds 800°C. Dehydrogenation of isoamylenes into isoprene is related to this
stage. Figure 1 shows a diagram of the high-temperature section of the dehydrogenation
stage; the numbers label the material flow connecting the elements of the section. Flow
parameters are presented in Table 1.

The process of dehydrogenation is as follows. The feed stock is isoamylene. Before
entering the furnace, isoamylene undergoes the previous heating stage at the evaporation
station, which includes the elements ES1-ES3. Fuel supplied to the furnace burners is a
mixture of natural gas and absorption gas (i.e., SER in the main production process); it is
also preheated in the fuel heater (FH) and absorption gas heater (AGH) heat exchangers,
respectively.

The raw material is evaporated in the oven and overheated to a temperature of 530°C.
Then, the raw material mixed with water vapor is fed to reactor R, where the contact gas is
formed in the catalyst layer. The contact gas is sent to the next stages of production for
cooling and treatment.

As can be seen from Table 1, during the intermediate stage, the process ovens and
contact gas make the flue gases’ temperatures sufficiently high, which allows the system to
generate water vapor (of required parameters in Table 1) from the heat contained in the
gases.
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Figure 1 High-temperature section of the dehydrogenation stage of isoamylene to isoprene: I - raw
material evaporation station; II - fuel and absorption gas heating station; III - main process unit; ES1,
ES2, ES3 - heat exchangers at the evaporation station; FH - fuel heater; AGH - absorption gas heater;
OB - oven burners; SH - steam heater; OH - raw material overheater; R -reactor

Table 1 Material flow of the high-temperature section of the dehydrogenation stage of
isoamylene into isoprene

Flow Heat transfer agent Heat transfer agent flow, Temperature, Pressure,
number kg/s °C MPa
1 Raw material, 4.44 20 0.45
2 Vapor of isoamylene fraction 4.44 105 0.4
3 Water vapor 23.46 158 0.6
4 Fuel gas 0.84 20 0.45
5 Absorption gas 0.42 20 0.45
6 Fuel mixture 1.26 80 0.4
7 Air in the combustion process 14.36 20 0.12
8 Steam 0.159 158 0.6
9 Steam 0.600 158 0.6
10 Condensate 0.759 158 0.55
11 Condensate 0.759 158 0.55
12 Blowdown condensate 0.217 158 0.55
13 Blowdown condensate 0.217 80 0.5
14 Blowdown condensate 0.108 158 0.6
15 Blowdown condensate 0.108 80 0.5
16 Vapor of isoamylene fraction 4.44 500 0.5
17 Overheated steam 23.46 700 0.5
18 Contact gas (a mixture of vapor) 27.90 680 0.45
19 Contact gas 27.90 650 0.45
20 Condensate 2.42 158 0.6
21 Contact gas 30.32 530 0.4
22 Fuel gases 16.82 450 0.1
23 Contact gas 30.32 155.4 0.4
24 Feedwater 5.5 30 2.5
25 Feedwater 5.5 64.9 2.5
26 Steam 5.23 310 2.5
27 Feedwater 12.64 30 2.5
28 Feedwater 12.64 84.9 2.5
29 Steam 12.01 310 2.5

30 Fuel gas 16.82 135.5 0.1
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Thus, at production, it is proposed to organize two heat utilization units that have the
same structure and purpose, but differ in load and temperature conditions. Thus, it is
necessary to create two heat recovery units at the production site that have the same design
and purpose, but differ in load and temperature conditions.

2. Methods

Heat utilization was optimized using energy parameters by considering certain
conditions.

1. The construction of the main technological elements does not change when solving the
optimization problem. Their load value is constant and corresponds to the nominal
values specified in the technical specifications of the stage. These elements are a tube
heater, a reactor, a raw material evaporation station, and a fuel and absorption gas
heating station.

2. Watertube boilers are used for the production of steam. These boilers specify more
severe requirements for the feedwater.

3. Itisassumed thatall steam generated by the heat recovery boilers is used for the needs
of the plant.

4. The minimum temperature of gases at the outlet of heat exchangers HE1 and HEZ2 is
limited by the dew point (120°C).

The heat of the contact gas is utilized in heat recovery boiler U1 to generate saturated
steam with a pressure of 2.5 MPa. The heat of the flue gases is utilized in heat recovery
boiler U2 to generate steam with similar parameters.

The flue gases at the outlet of U2 have a temperature of 135.5°C, and the temperature
of the contact gases is 155.4°C. This potential is reduced to 120°C in heat exchangers HE1
and HE2, and the rejected heat is transferred to the feedwater. The heated feedwater enters
the heat recovery boiler to generate steam. The utilization of the heat from the contact gas
makes it possible to reduce the heat load on the scrubber, an element of the medium-
temperature stage in the production of isoprene. It cools the contact gas to reduce the load
on the circulation water supply system in the isoamylenes dehydrogenation unit.

“SteamP=2.5 MPa

Figure 2 Optimized high-temperature section of isoamylene dehydrogenation to isoprene. U1, U2 -
heat recovery boilers; HE1, HE2 - heat exchangers; 30’, 23’ - flue gas flow and contact gas flow,
respectively, whose temperatures are lower compared to the original scheme
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The thermal efficiency of the section directly depends on the temperature of the gases
that are drawn from the system. In other words, the lower the temperature of the gases at
the outlet of the system, the higher the efficiency. Moreover, the output temperature
minimum should be between 120°C and 180°C to prevent exhaust gasses from losing
moisture (Konakhina et al, 2011). The exhaust gases’ temperature depends on the
feedwater temperature, which may be higher (but not lower) than the recommended
120°C. When optimizing regenerative feedwater heating, it is necessary to find a
combination of parameters that will ensure the lowest possible exhaust gas temperature.

To organize the upward pull of combustion products, the gas temperature in front of
the flue gas duct must be higher than 250°C. Since the recommended temperature is much
lower, there is no upward pull; therefore, flue gas pumps must be installed.

The method of solving this problem is as follows. Figure 3 shows a diagram of the heat
recovery boiler with a regenerative heat exchanger, where installation elements are system
units and heat transfer agent flows are connections. Each connection is determined by its
corresponding parameters (i.e., pressure, flow rate, and flow temperature). At first,
optimizing the considered scheme (Figure 3) may seem simple, but with a more thorough
analysis, some difficulties arise due to the boundary conditions imposed on some
parameters.

G,w; t,w, I),w

!
Gcg’ teg, Peg ‘/U-l\ G’cga t’cga P’cg R

2 2 29
G Ccgo t cgo P cg

L »

GC) tC) PC GS[) tst; PSt Gw, tw, Pw

Figure 3 Information diagram of the heat recovery boiler with regenerative feedwater heating

Geg, teg, Pcg — flow rate, temperature, and pressure of the contact gas at the inlet to the
heat recovery boiler (U1); G'cg, t'cg, P'cg — flow rate, temperature, and pressure of the contact
gas at the inlet to the heat exchanger (HE1); G”cg t"cg, P”cg — flow rate, temperature and
pressure of the contact gas at the outlet of the heat exchanger (HE1); Gw, tw, Pw - flow rate,
temperature and pressure of feedwater at the inlet to the heat exchanger (HE1); G'w, t'w, P'w
- flow rate, temperature and pressure of feedwater at the inlet to the heat recovery boiler
(U1); G, tc, Pc - flow rate, temperature and pressure of the condensate at the outlet of the
heat recovery boiler (U1); Gst, tst, Pst - flow rate, temperature and pressure of the steam at
the outlet of the heat recovery boiler (U1).

The number of equations connecting the parameters of incoming and outgoing
connections of each unit (nn.e.) and the number of independent parameters included in them
(nip.) are determined. These values can be obtained using the following equations
(Nazmeen and Konahina, 2002):

N =Ny + My =Ny (1)

N, =N, =N, (2)

where n, is the total number of parameters for incoming connections; n,, is the number

of uncertainties in the parameters of the unit’s outgoing connections; n__ is the number of
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conditions imposed on the parameters of incoming connections; and n,, is the total

number of unit parameters.

Thus, the number and type of equations that represent the mathematical model of an
object depend on the problem and the limiting conditions that need to be considered. Each
unit is sequentially presented below:

Ul: n;_p_ =6;n,, = 2;n .= 5; Nenp. =155 10, = 6+5-2=9;n,, =15-9=6
HE1: n;_p_ =6; N, = 2;n,. =4; Nenp. =12; N, =6+4-2=8;n,, =12-8=4
The balance equations for pressure, material, and energy flow are presented in Table 2.

Table 2 Balance equations of the system’s high-temperature section

Material Loss of
Element
balance pressure
G,=G, P, =P,
U GnB =G, +G,, P, =var
G =
G = GrIB .
HE PKI‘ = PKI‘
G =G,

The energy balance equatlon for the heat recovery boiler (U) is as follows:

(CHIRYCI S CI +=095-G,, i, +0.05-G, (¢, 't )= Gy -Cpy Loy
The energy balance equatlon for the regeneratlve heater (HE) is as follows:
G}‘(I‘ : CKI‘ : tKI‘ - GKI‘ ' - G l'IB - Gl'lB : cl'lB : tl'IB

3. Results and Discussion

In addition to the material flow parameters (see Table 2), heat transfer, exergy
temperature function, and exergy of the heat transfer were determined to assess energy
efficiency. The calculation results are presented in Table 3, and their values were
determined as follows.

Heat energy was determined by the expression Q = G-cp't, where G is the flow rate of
the material flow (kg/s), cp is the heat capacity at constant pressure for the material flow
(kJ/(kg-°C)), and t is the temperature of the material flow (°C).

The exergy of the heat flow was determined by the expression E, =7-Q, where 7 is

the exergy temperature function that determines the value of the heat contained in the

material flow, which is determined by the expression r=1—%, where To is the

environment temperature under normal conditions (273.15 K) and T is the temperature of
the material flow (K).

An exergetic analysis of utilization schemes were performed, and its results can be
found in Table 3.

The effectiveness of the proposed solution for organizing the scheme of energy-
technological combination was estimated using the exergy efficiency. The methodological
recommendations for this coefficient are expounded in Ulum et al. (2017), Nasruddin et al.
(2018), and Djubaedah et al. (2018).



1604 Optimization of Thermal Conditions of Heat Recovery Boilers with Regenerative Heating
in the High-Temperature Section of [Isoamylene Dehydrogenation

The exergetic efficiency of the proposed scheme of energy technological combination,
which is operated on contact and flue gas, respectively, is

n

where Ein is the sum of the exergy of the heat transfer supplied to the system (U1-HE1) by
contact gas and feedwater (Ein = 29697.74+157.19 = 29855), and Euf. is the sum of the
exergy of the heat flows obtained in the system (U1-HE1) for further beneficial use in the
form of steam and condensate (Eut =19776.88+216.1 = 19993).

E, 3660
E._~ 13259.19

n

= 0.276 (27.6%) (4)

cp. _
nex -

where Ein is the sum of exergy of the heat flows supplied to the system (U2-HEZ2) by flue gas
and feedwater (Ein = 13190.79+68.4 = 13259.19), and Eur is the sum of exergy of the heat
flows obtained in the system (U2-HEZ2) for further beneficial use in the form of steam and
condensate (Euf = 3426.96+233.05 = 3660).
The thermal efficiency of the utilization industries is
g Que  37672.9

& _ Sut _ —0.809 (80.9% 5
™= 4658253 (80.9%) ()

where Qin is the sum of the heat flows supplied to the system (U1-HE1) by contact gas and
feedwater (Qin = 44994.9+1587.63 = 46582.53), and Quf is the sum of the heat flows
obtained in the system (U1-HE1) for further beneficial use in the form of steam and
condensate (Quf = 37193.3+479.6 = 37672.9).

Q.  6962.1
Q,, 21884.02

et = —0.318 (31.8%) (6)

where Qin is the sum of the heat flows supplied to the system (U2-HEZ2) by flue gas and
feedwater (Qin=21193.2+690.82 = 21884.02), and Qu:. is the sum of the heat flows obtained
in the system (U2-HE2) for further beneficial use in the form of steam and condensate (Qu:.
= 6444.9+517.2 =6962.1).

Figure 4 shows the exergetic flow distribution of the system. In Figure 4, the following
designations are used: £, -exergy of contact gas entering the utilization system; ECg -

exergy of the contact gas leaving the system; E_ - exergy of the steam released from the

heat recovery boiler; E_ - exergy of the blowdown condensate; £, - exergy of the feed

water.

The diagram of the distribution of exergetic flows (Figure 4) in the thermal energy
utilization system (U-HE) allows visualization of the flows from the point of their rational
use. The greatest loss of exergy occurs in the heat recovery boiler. According to the energy
balance equation, the presence of regenerative feedwater heating in front of the heat
recovery boiler partially compensates for the 1608.38 k] /s loss, ensuring more efficient use
of the heat of the contact gas. The exergetic flow distribution for a flue gas system will be
approximately the same.
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Table 3 Calculation results for the thermal exergy of a system that generates steam at a
pressure of 2.5 Mpa

Unit Flow Direction Flow rate, Temperat Pressure, Heat, Temperature Thermal
kg/s ure, °C MPa K]/s function exergy
HE1 Feed water Input 12.64 30 2.50 1587.63 0.10 157.19
Contact gas Output 30.32 120 0.40 8732.16 0.31 2666.31
Feed water Input 12.64 84.9 2.50 3650.38 0.24 866.24
Steam Output 12.01 310 2.50 37193.3 0.53 19776.88
U1 Input 30.32 530 0.40 449949 0.66 29697.74
Contact gas
Output 30.32 155.4 0.40 11782.4 0.36 4274.69
Condensate Output 0.63 2239 2.50 479.6 0.45 216.10
HE?2 Feed water Input 5.50 30 2.50 690.82 0.10 68.40
Fuel gas Output 16.82 120 0.10 8477.28 0.31 2588.48
Feed water Input 5.50 64.9 2.50 1499.19 0.19 287.95
Steam Output 495 310 2.50 644490 0.53 3426.96
U2 Fuel gas Input 16.82 450 0.10 21193.2 0.62 13190.79
Output 16.82 135.5 0.10 9574.38 0.33 3176.31
Condensate Output 0.55 223.9 2.50 517.2 0.45 233.05

rmE EEE T — e — — S S S

ey
ff'
-
it

Ec. Est  Ew
Figure 4 Exergetic flow distribution in the heat utilization industry of the contact gas in the high
temperature section

To calculate the economic efficiency, the total amount of heat energy, which was using
the heat of the contact and flue gas, was determined. The fuel economy was also calculated
(Balzamov et al., 2020a; Balzamov, et al, 2020b). The heat saved (kW/h) when
implementing a regenerative feedwater heating system can be determined using the
following equation:

Qif +QF  37672.89+6962.1
Moh * M 0.8-0.95

Q.con = =58730.25, (7)

where Q, is the beneficial use of thermal SER (kW), 1, is the thermal efficiency of the
replaced boiler house (the term “boiler house”) that generates steam or hot water, 1, is

the heat flow coefficient that considers heat loss to the environment during the heat
transfer process in the utilization industry.
The fuel economy (ton of fuel equivalent) for contact and flue gases is

AB% =0.0342-Q,.,,, =0.0342 -58730.25 = 2008.58 (8)

econ

where 0.0342 is the coefficient for converting the heat energy into ton of fuel equivalent.
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The economic efficiency values from Equations 7 and 8 allow future reports to conduct
detailed economic analyses on the activity of the isoprene synthesis unit in monetary terms.

4. Conclusions

The proposed schemes give the opportunity (to the industries) to save a significant
amount of heat energy (i.e,, 58730.25 kW/h) in the production of isoprene and achieve a
reduction in its cost. The efficiency of energy technological schemes was evaluated using

thermal and exergetic efficiencies, the values of which were high: 7% =0.809 (80.9%) ;
n.> =0.318 (31.8%), and 7;* =0.67 (67%) ;7> =0.276 (27.6%), respectively.

The suggested option of energy technological combination based on SERs can be
extended not only to the production of isoprene, but also to other stages of petrochemical
production characterized by a high yield of high-temperature SERs. Regenerative feedwater
heating can also be quite effective in other industries such as the production of ethylene,
butadiene, ethanol and other organic products.
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