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Abstract: Turbulences in energy prices have a major effect on the energy industry. These disturbances
should allow more efficient operation and the optimisation of technologies, leading to more versatile
operation with model-based methods. In our study, a coke oven gas purification system was exam-
ined. The system consists of three columns, which interact and are modelled in Aspen Plus. After
identifying the steady-state model, sensitivity analyses were conducted to obtain more information
on the effects of the parameters that can and cannot be influenced by operating circumstances. Finally,
the model was used to carry out optimisation studies to find the most beneficial operating conditions
under the gas composition requirements. Two optimisation strategies were examined. In the case
when only the purity was concerned, 0.54 g/ Nm3, 0.01 g/ Nm3, and 0.03 g/ Nm? concentrations
were found for HpS, NH3, and HCN, respectively. However, when the washing water temperature
was included, the concentrations of H,S, NHj3, and HCN increased to 1 g/ Nm?, 0.5 g/ Nm?, and
0.04g/ Nm3, still below the environmental regulations. However, the latter case will be more feasible
energetically because it can be completed without using refrigeration and facilitates lower washing

water streams.

Keywords: coke oven gas; rate-based model; absorption; gas purification

1. Introduction

The prices of different energy sources are one of the most significant driving forces of
economic growth and development of industrialised societies [1]. They influence produc-
tion costs, wages, and the prices of raw materials and products [2]. Therefore, it is essential
to reduce energy consumption, especially for energy-intensive sectors such as coke oven
plants, steelworks, paper mills, or refineries.

By the end of 2021, energy prices were extremely high and remained at this level in the
first quarter of 2022. Figure 1 shows the tendency of the price growth of different energy
commodities. The cost of natural gas has increased almost 500%, while the electricity price
has increased by 390% since the beginning of 2020. The price of coke oven gas depends on
natural gas. Accordingly, it has also increased by almost the same amount. The cost of an
EU carbon allowance has tripled over the past two years [3]. By 2027, there will be no free
carbon allocation, which will cause extra costs for installations [4].

The sharp rise in energy prices has caused severe problems for many sectors of the
production industry. As a result, several corporations have decided to decrease their
production or have experienced a shutdown. The most significant negative impact of rising
energy prices has been on continuous operational plants. For instance, chambers of coke
oven plants cannot be allowed to cool below a certain temperature, as this would result
in irreversible damage to the refractory walls, which could even trigger the collapse of
the unit. However, the effect of rising costs can be moderated by effectively utilising the
existing energy, mainly by-products and waste from processes [5].
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Figure 1. Prices of energy commodities 2020-2022 [3].

Besides the continuous increase in energy prices, stricter environmental regulations
make the operation of process industries more difficult. In addition, national and interna-
tional agreements lay down rules to prevent or at least reduce emissions. Therefore, existing
technologies need to be continuously improved and operate as effectively as possible to
meet standards.

The mentioned issues make it more challenging to operate coke oven plants profitably,
although their main product, coke, is the fundamental raw material of the iron and steel
industry. Coke is produced by high-temperature pyrolysis of appropriate quality coal
blends. During pyrolysis, a large quantity of raw coke oven gas is generated, which can
be considered as a by-product or as waste gas. The composition of both the coke and the
gas depends on the quality of the coal blends. The most relevant quality parameters of
the blends are moisture content, ash content, volatile matter content, sulphur content, and
special coal quality parameters (e.g., dilatation, swelling index) [6].

Properly cleaned coke oven gas is a valuable energy substitute for natural gas. From
the coke oven chambers, so-called raw coke oven gas is collected. The raw coke oven
gas contains water, valuable components, and impurities as well. Coal tar and light oil
(benzene, toluene, xylene, and other aromatic hydrocarbons) can be merchandised after
separation, while impurities such as ammonia, hydrogen sulphide, or hydrogen cyanide
need to be removed due to emission requirements. The raw coke oven gas treatment is
initiated with a precooling step, so coal tar and water condense from the gas. Then, the
gas passes through electric precipitators, where fine drops of tar are removed and cooled.
This is followed by the removal of impurities in an absorption section. The final step is the
light oil recovering in washing towers by special washing oil. Between 40 and 50% of the
cleaned gas is recycled to heat the chambers of the coke oven battery, while the rest of it is
used in the integrated steel plant as required, and the surplus is burned in gas engines.

The main components of the purified coke oven gas are hydrogen and methane; thus, it
has a high heating value (natural gas: 56.6 M]/kg, coke oven gas: 41.6 MJ/kg, blast furnace
gas: 2.7 MJ /kg) [7]. This is why coke oven gas, together with blast furnace gas, covers
a significant part of the fuel needs of integrated steel plants, so natural gas is used only
as supplementary fuel [8]. Furthermore, using properly cleaned waste gas helps reduce
the natural gas consumption, which makes the whole steel production more economically
and environmentally sustainable [9]. Moreover, different on-site and off-site coke oven gas
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utilisation routes have been investigated, including energy generation in combined heat
and power plants (CHP), hydrogen and syngas production, and methanol synthesis [7].

Using coke oven gas as an energy source, its composition needs to meet regulatory
and technological limits. European Directives lay down rules to prevent or reduce emis-
sions in order to reach a high level of environmental protection [10]. The Commission
Implementing Decision establishes the best available techniques (BAT) conclusions on
emissions for industrial plants. In addition, it specifies the standards for cleaned coke
oven gas. The residual hydrogen sulphide concentration must be <300-1000 mg/Nm?
(using an absorption system) or <10 mg/Nm? (using wet oxidative desulphurisation).
Furthermore, during the combustion of the coke oven gas, the emission level needs to be
<200-500 mg/Nm? for SOy and <350-650 mg/Nm? for NOy [11].

The most widely applied cleaning technology for coke oven gas is aqueous ammonia
absorption. However, there is a trend for new technologies, such as Takahax, Stretford,
Potassium Carbonate, or Sulfiban process, etc., which use more efficient absorbents. These
processes avoid the adverse effects of trace impurities and provide higher H,S removal
efficiency than ammonia scrubbing [12]. However, despite the advantages, the changeover
or installing of these processes in existing plants is rather costly and often unfeasible due to
continuous operation and the lack of available area in the plant.

It is more and more required to improve the existing coke oven gas purification
technologies, which often means not to change the process or modernise the equipment
and units, but to optimise and effectively manage the process and train competent operating
staff. Implementing these alternative solutions, flowsheet simulators can be valuable tools.
With the help of process simulators, the optimal mode of operation can be found adequately,
and operational staff can be trained for different situations [13]. Detailed and validated
process simulators can assist in aiding understanding of general and specific features
of technology behaviour. Different effects and experiments can be investigated without
disturbing the real operation [14]. On the other hand, creating the proper simulation
of this system is a rather complicated task, as coke oven gas purification represents a
complex multicomponent separation process with numerous parallel and competitive
chemical reactions.

The studies concerning coke oven gas mainly investigate the development of the
technology by new solutions, column packings, or equipment, but there are only a few
studies focusing on modelling, simulation, or optimisation.

A German research team developed a rigorous dynamic two-phase model for a the-
oretical description of coke oven gas purification. The basis of the model is the two-film
theory. It considers several parameters such as diffusional interactions, thermodynamic
non-idealities, the effect of chemical reactions on mass transfer, and the impact of struc-
tured packings and liquid distributors on hydrodynamics and electrical potential gradients.
Steady-state and dynamic experiments were carried out in a pilot-scale gas scrubber, and
the results were close to experimental data [15].

A German research group described the chemical absorption for the system NH3-CO,-
H)S-NaOH-H,O with a non-equilibrium heat and mass transfer model. The validation
was performed through experimental studies. This model can extend to other reactive
substances, such as monoethanolamine (MEA) or methyl diethanolamine (MDEA). More-
over, the optimal pH range was determined for selective H,S removal [16]. Then, this
group developed a rigorous rate-based model for a coke oven gas cleaning process. The
multicomponent mass transfer of the impurities was investigated in aqueous potassium
hydroxide or potash solutions. For validation, a pilot plant and industrial measurements
were used. The industrial process was systematically optimised using an evolutionary
strategy; thus, a 30% decrease can be reached in annual cost [17].

Another research team developed a model to evaluate solutions for H,S removal
from coke oven gas. The model validation was based on industrial data, and further
investigations were performed. Three process configurations were compared, and the best
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configuration could achieve a 5% increase in removal efficiency. Applying this configuration
makes possible the use of coals with higher sulphur content [18].

A Canadian research group proposed a combined cycle power plant (CCPP) in which
coke oven gas can be applied as fuel. However, before the gas can be used in the CCPP,
most of the H,S needs to be removed. The investigated plant could not clean the gas as
much as required, so a sulphur removal system was designed and simulated with ProMax.
The CCPP was simulated in Aspen Plus and was optimised using GAMS. The optimised
CCPP can generate more than twice the electrical efficiency of the existing steel refinery,
and hence the purchase of electricity reduces, which contributes to a reduction in CO,
emissions [19].

A research team modelled a H,S removal unit for coke oven gas consisting of an
absorption column and a regeneration column. A sensitivity analysis was conducted to
identify the impact of methyldiethanolamine (MDAE) concentration and temperature. Fur-
thermore, the optimal operating conditions were investigated based on energy consumption
and removal efficiency [20].

However, the system is more complex in our case because the three columns are
interlinked through the used water streams. The recirculating water streams also increase
the complexity of the system. On the other hand, there are physical boundaries which
need to be kept in mind, including seasonal changes in the cooling water temperature
(that is, with the increasing changes in summer, temperature could reach 35 °C). Creating
this model is challenging because it is a complex multicomponent separation process with
several parallel chemical reactions. The task is further complicated by the lack of technical
information and the limited number of measured data. However, a proper process simulator
can help provide constant gas composition even under changing conditions caused by
uncertain market effects (e.g., disruption of raw material supply and rising energy prices).

In this study, the steady-state model of an industrial coke oven gas purification pro-
cess was created. First, the model parameters (construction- and packing-related) were
identified. Then, two optimisation scenarios were presented, showing different optimal
operation points with or without considering the washing water temperature.

2. Technology and Methods
2.1. Purification Process

The studied technology is a part of a Hungarian coke oven plant. The whole coke
oven gas purification process can be divided into a gas cleaning section and a washing
liquid regeneration section. In this work, the process model of the gas cleaning section
was created and investigated, as Figure 2 shows. Although not the whole technology was
implemented, it is necessary to describe each section to understand the input streams.

The exhausted and cooled raw coke oven gas passes through three scrubbers, a H,S
scrubber, a NHj scrubber, and a fine NH3 scrubber. The H,S column is higher and narrower
than the others. The construction of the towers is essentially similar, with special expanded
plate inserts on supports and fluid collectors and distributors above them. The scrubbers
are in a series arrangement in which the coke oven gas and the washing liquids are in
counter-current flow.

Saturated washing liquid, leaving the towers, is regenerated in two steps. First, the
saturated washing liquid enters the de-acidification column, where so-called de-acidified
water with high ammonia content is formed as a bottom product. Next, the vapour
fraction of the de-acidified tower is fed to the closed Claus technology, where catalytic
transformation occurs. A certain amount of de-acidified water is fed to the H,S scrubber,
while the rest of it gets into a stripping column. All the pollutant components absorbed in
the water are removed in the stripping column. The stripped water exits at the bottom of
the column and is partly fed to the second NHj3 scrubber, while the surplus is transferred
to the wastewater treatment plant. Finally, the head product of the stripping tower is fed
back to the de-acidification column.
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Figure 2. Coke oven gas purification process flowsheet.

In the first NHj3 scrubber, an additional water input is fed. The coal water comes from
the moisture content of the coal blend.

2.2. Chemical Reactions

The following parallel reversible liquid-phase reactions were considered to describe
the processes during the purification.

H,0 +» H* + OH~ (1)

H,S < HS™ + H* )

HS™ « HY +§*~ (3)
HCN « CN~ + H* )
NH; + HyO <+ NH,* + OH™ (5)
CO, + OH™ + HCO;™~ (6)
HCO;~ > CO32~ + HY 7)

These reactions are based on simple proton transfer, except for Equations (6) and (7),
which obey first- and second-order kinetics and can be regarded as instantaneous. Although
CO; is one of the major impurities in coke oven gas, its removal is not always necessary. To
improve the heating value of the coke oven gas, the partial removal of CO; is beneficial.
However, complete elimination of CO, is only relevant for streams that undergo processes
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at very low temperatures, such as gas purification to produce pure hydrogen for ammonia
synthesis [12].

The selectivity of the purification process depends significantly on selecting and
providing the appropriate conditions for the required reactions. Gas cleaning aims to
reduce the concentration of the impurities to a level that does not cause environmental
pollution and operational problems such as corrosion, deposition, or plugging [12].

2.3. Process Modelling

This research work aimed to create the stationary model of the coke oven gas purifi-
cation scrubbers. The model was built in Aspen Plus, a widely used process simulator
program in the commerce and scientific fields. In addition, industrial data from a Hungarian
coking plant were used to validate the model.

The investigated purification process contains a large number of electrolytes in the
liquid phase, and there are strong intermolecular interactions between them. Therefore, this
makes the liquid phase strongly non-ideal. To predict the behaviour of the liquid phase, the
Electrolytic Non-Random Two-Liquid (ENRTL) model can be used. The Henry constants
and the chemical equilibrium constants for the components were taken from the databank
of the software.

Two different approaches are available for modelling absorption: the equilibrium-stage
model and the rate-based model. The first approach is based on the hypothesis that the
streams leaving the stages are in equilibrium. However, equilibrium can rarely be reached
in actual operations, so the usual method of dealing with departure from equilibrium
is by incorporating stage efficiency [21]. The other approach is that the two phases are
balanced separately by taking into account the mass and heat fluxes across the interface.
Physical properties, reaction rate parameters, and column specific data are needed, and
this method avoids the approximation of efficiency entirely [22]. The two approaches for
the HjS scrubber were compared in our previous work. It was found that the rate-based
model shows a higher level of agreement with measured data than the equilibrium-stage
model. Therefore, a rate-based model was used [23].

Columns have special expanded packings which allow proper liquid—-gas contact but
do not cause significant pressure drop along the column. There are four expanded packings
in each column. The liquid distribution of the expanded packing is better than the random
packing but worse than the structured packing. Therefore, 1 m expanded packing was
counted as two equilibrium stages, since this number is 1-2 for random packing and 24
for structured packing. Thus, the number of stages is 16 in all three scrubbers.

The data shown in Tables 1 and 2 were used to build the steady-state model of the H,S
scrubber and the two NHj3 scrubbers.

Table 1. Specification of the three scrubbers.

H,S Scrubber NHj3 Scrubber Fine NHj3 Scrubber
Number of stages 16 16 16
Diameter (m) 2.8 35 35
Packing type SHEET-PACK SHEET-PACK SHEET-PACK
Packing material Metal Metal Metal
Packing dimension 350Y 350Y 350Y

Total height (m) 32 28 28
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Table 2. Input parameters.

Coke Oven Gas De-Acidified Water Coal Water Stripped Water
Temperature (°C) 24 24 25 27
Pressure (bar) 1.168 1.138 1.138 1.138
Flow rate (m3/h) 46,190 65 29 22
Composition (kg/h)
H,O - 63,049.43 28,887.15 21,998.6
Hp 2700.84 - - -
NH; 73.47 1389.72 69.58 0.17
H,S 341.20 73.74 0.51 0.39
CO, 1920.63 467.97 42.32 0.64
HCN 12.21 19.14 0.43 0.19
Cco 2567.05 - - -
CHy 8366.47 - - -
CyoHg 2034.02 - - -
N> 2886.90 - - -

The Aspen simulator and MATLAB were connected to perform detailed studies on the
model, as Figure 3 shows visually. The calculated results can be more easily handled and
evaluated, and more reliable optimisation algorithms can be implemented. The connection
works like a real technology and a control system: Aspen Plus acts as the technology
providing results, while MATLAB can be used as the control system, setting the operational
parameters for the technology, as Figure 3 describes.

RESULTS
Aspen Plus v11 MATLAB R2020a
{} Aspen = actxserver ('Apwn.Document.37.0');

— - — = [stat,mess)=fileattrib;
H e Simulation_Name '5i

Aspen.invoke (' Ini

Aspen.Visible =0;

Aspen.SuppressDialogs = 1;

Aspen.Engine.Run2(1);

while Aspen.Engine.IsRunning == 1

; ' : '
i i ; 1 end
Q« """" e SEEEE "'fafwm""-‘

ion energies2';

2", [mess.Name '\' Simulation Name ".bkp'l):

rchive2

pause (0.5);

PARAMETERS

Figure 3. Aspen Plus and MATLAB connection.
2.3.1. Model Validation

The model validation was performed by using the results of industrial measurements.
Samples of the input and output coke oven gas are taken twice during each shift, and
an accredited laboratory analyses the samples to determine the concentrations of the
three main impurities. For this purpose, samples are taken in a burette to measure the
concentration of H,S and in washing bottles to determine HCN and NHj3. Red dots mark
the sampling points in Figure 2.

The H,S content of the gas is converted quantitatively to cadmium sulphide by
cadmium acetate. Then, the cadmium sulphide is decomposed with hydrochloric acid, and
H,S is determined by iodometry. In the case of NHj3, the NHj3 in a given quantity of gas
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sample is quantitatively absorbed with sulphuric acid, and the excess acid is titrated back
using a methyl orange indicator with a sodium hydroxide solution. While HCN content is
determined by complexation with iron (II) sulphate, it is then titrated back with ferrous
chloride. The error of these analytical measurements is less than 5%.

The average measured results and the model results for the three main impurities are
summarised in Table 3. The relative errors between the measured and calculated results
are less than 1% for all three components.

Table 3. Measured and calculated results of the three main impurities in the output coke oven gas.

Measured Results Calculated Results Relative Error
(kg/h) (kg/h) (%)
NH;j; 1.39 1.39 0.00
H,S 37.87 37.98 0.29
HCN 1.75 1.76 0.57

2.3.2. Sensitivity Analysis

Sensitivity analyses were performed to understand the purification process better and
obtain more information about the effect of different parameters. Therefore, the investigated
parameters could be divided into two groups according to whether they can be influenced
or not.

Parameters that can be changed during operation include the quantity and temperature
of de-acidified water, coal water, and stripped water.

The other group includes those parameters that cannot be influenced during operation,
as market conditions or the feedstock characteristics primarily determine them. These
parameters are the quantity and the HjS content of coke oven gas. These studies are
particularly important because of the logistical problems of raw materials caused by the
current Ukrainian—-Russian war and the limited availability of good quality coking coals
due to the restrictions imposed on Polish and Czech mines.

In order to better compare the results of the sensitivity analyses, cleaning efficiency
was calculated for the three main impurities according to Equation (8).

Inputquantity — Outputquantity 100

Cleaningefficiency = .
Inputquantity

®)

2.3.3. Optimisation

Based on the results of the sensitivity analyses, optimisation tasks were performed.
For this purpose, the fmincon function of MATLAB was applied, which is a nonlinear
interior point optimisation technique [24].

In this work, two optimisation tasks were investigated. One was to minimise the
H,S and NHj content in the output coke oven gas. To achieve this, the quantity and
temperature of the washing liquids varied within the ranges presented in the sensitivity
studies. Since the sensitivity study found that the temperature of the stripping water had
little effect on the composition of the output gas, this was not taken into account when
setting the variables.

The other optimisation task was to ensure that the gas was cleaned with as little energy
consumption as possible while complying with the required emission standards. Thus, the
temperature of the washing liquids was kept as high as technically feasible to reduce the
cooling water demand. The amount of washing liquids was not intended to be minimised,
as the pumping energy was not too significant. The maximum amount of H;S in the output
gas is 1 mg/Nm?, while the maximum amount of NHj is 0.5 mg/Nm?3.

The parameters and the objective functions of the two optimisation tasks are noted in
Table 4.
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Table 4. Parameters and objective functions of optimisation tasks.

Parameters
De-Acidified Water Coal Water Stripped Water
Flow Rate Temperature Flow Rate Temperature Flow Rate
Lower boundary 40m3/h 15°C 18 m3/h 15°C 10 m3/h
Upper boundary 75m3/h 35°C 44 m3/h 45°C 40m3/h
Objective function
Task 11 £(1) = (0 — HyS)? + (0 — NHj3)?
Task 2 2 f(2) = 2-(35 — DWTEMP)? + (45 — CWTEMP)? + 10-(46 — H,S)? + 10-(23 — NH;)?2

! In the objective function, H,S is the H,S quantity in output gas, and NHj is the NH; quantity in output gas. 2 In
the objective function, DWTEMP is the temperature of de-acidified water, CWTEMP is the temperature of coal
water, H,S is the H,S quantity in output gas, and NHj3 is the NH3 quantity in output gas.

3. Results and Discussion

The steady-state model of the coke oven gas purification technology was built as
described in Section 2.3. Figure 4 shows the mass flow profiles of H,S, NH3, and HCN in
the gas phase, along with the scrubbers.

__ 700 20 80 - 2.02
< =
B 600 18 = S 70 200 =
% 16 ED ﬁ, 60 + 1.98 ED
500 = | x
j 12 b 85 | 1% b3
S 400 12 8 S P 194 3
@ 10 & @ 40 L 192 &
ad 300 @ a0 @
c 8 g < 30 - 1.90 ©
v, 200 6 £ v, L 1.88 £
T 4 Z = 20 - 1.86 5
T 100 £ T 10 PO
S 2 T S - 184 T
£ 0 0 = 0 L 1.82
= 1 6 11 16 = 1 6 11 16
Stages Stages
NH; H.S HCN NH; H,S HCN
(a) (b)

1.83

B b
o wu

=
%0 e 182 £
2 3 181 £
(%}
e 30 1.80 &
2 25 2
o 1.79 &
oo 20 8
L/E> 15 1.78 &
= 10 1.77 =
2 5 1.76 T
m©
£ 0 1.75
z 1 6 11 16
Stages
NH; H,S HCN
(0)

Figure 4. Mass flow profiles of main impurities in the gas phase in (a) HyS scrubber, (b) NHjz scrubber,
(c) fine NH3 scrubber.
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To fine-tune the model, the fmincon function of MATLAB was used, similar to the
method applied for optimisation tasks. This was necessary since the design of the columns
and the packings are unique. In this way, the tuning factors of the three columns were
changed. As a result, it was found that the greatest effect on the composition of the output
coke oven gas among all the tuning factors was the liquid mass transfer coefficient factor.
Therefore, the liquid mass transfer coefficient factors of the three columns were varied
between 0.05 and 80 and searched for the value at which the composition of output coke
oven gas was closest to the measured values. For this purpose, the following objective
function was used:

f = (H,S — 37.87)% + (NH; — 1.39)? 9)

where H,S and NHj are the measured values.

In Figure 4a, it can be observed that, in the H,S scrubber, the amount of NHj3 increases
until the de-acidified water input stage and then decreases rapidly. The quantity of H,S
decreases sharply at first and then slows down. HCN in the gas phase increases slightly up
to the inlet and then decreases sharply.

In the NHj3 scrubber, shown in Figure 4b, there is a breakpoint in each mass flow
profile where coal water is fed. Almost all NH3 from the coke oven gas is removed in this
column. As a result, the amount of H,S is slightly reduced, while HCN increases due to the
input of the coal water.

In the fine NHj scrubber, all the three impurities are reduced, but only NHj3 shows
a more significant reduction. The mass flow profiles in the third column are shown in
Figure 4c.

3.1. Sensitivity Analysis
3.1.1. Parameters That Can Be Influenced

In the following, the results of the effects of parameters that can be changed during
operation are presented.

e  De-acidified water

De-acidified water is fed into the H;S scrubber. Therefore, it is the largest volume of
washing liquid used and significantly impacts gas purification.

The flow rate of de-acidified water considered in the study was between 40 and
75m3/h, as it is possible to vary the flow rate in this range in reality from an operational
point of view. The results are shown in Figure 5a.

92% - 99.0% 92% - 100%
S ' el S T
T 90% F 98.8% z T 90% - 95% z
o < o <
g 88% L og.6% & S 88% P o0% &
V), 86% \ e} 2 - 85% &
= 7 - 98.4% < T’ 86% " g
= 84% ‘S = - 80% 5
x - 98.2% & X 84% £
> 82% (3 = L 75% ‘©
0 | an o Qo
O_CJ 80% 98.0% g E) 82% L 70% g
£ 78% y 97.8% 3 £ 80% ) 6s% S
(] (@) (] ()
o0 76% L 97.6% o0 78% - 60%
< 40 60 < 15 20 25 30 35
8 Flow rate (m3/h) 8 Temprature (°C)
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Figure 5. Effect of flow rate (a) and temperature (b) of de-acidified water.
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The temperature of de-acidified water varied between 15 and 35 °C, as shown in
Figure 5b. In practice, cooling below 20 °C is difficult, especially in the summer months.

Increasing the flow rate of de-acidified water, the cleaning efficiency of NH3 decreases
linearly, while the cleaning efficiencies of the other two components improve significantly.
In addition, de-acidified water has relatively high ammonia content, which causes H,S and
HCN to absorb better, but it is not beneficial for NH3 absorption.

Increasing the temperature of de-acidified water up to 25 °C hardly changes the
cleaning efficiency of NH3, while that of HyS decreases. Above 25 °C, the cleaning efficiency
of NHj sharply reduces, while that of H,S is hardly changed. The cleaning efficiency of
HCN continuously decreases with increasing temperature. While raising the temperature
is advantageous for chemical reactions, it is not beneficial for the absorption process. Under
these conditions, desorption of NHj from de-acidified water can also occur.

e (Coal water

Coal water is sourced from the moisture content of the coal blend used for coke
production, so the amount depends on the coke production level. During sensitivity
analyses, the flow rate of coal water varied between 18 and 44 m3/h.

The effect of the temperature of coal water was tested between 15 and 45 °C. As
with the de-acidified water, it is difficult to provide a temperature below 20 °C during the
warmer season.

Increasing the flow rate of coal water improves the cleaning efficiency of all three
components, although not to a significant extent, as shown in Figure 6a. This is because
the composition of coal water supports absorption. However, it contains dissolved CN~,
which causes the HCN curve to flatten above a certain point.
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98.0% = T 885% L 98% <
S ©88.0% - 97%S
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H,S —+—HCN NH; H.S HCN NHs
(a) (b)

Figure 6. Effect of flow rate (a) and temperature (b) of coal water.

The effect of coal water temperature is shown in Figure 6b. The cleaning efficiencies
of HyS and HCN are essentially invariant to the temperature of coal water. In contrast,
the cleaning efficiency of NHj3 decreases with increasing temperature. For ammonia, the
adverse effect of temperature on absorption is significant. However, in the cases of the
other two pollutants, the effect of the chemical reactions that take place is probably even
more significant, which may cause a small increase in cleaning efficiency.

e  Stripped water

For stripped water, the flow rate was investigated between 10 m®/h and 40 m3/h,
while the temperature was between 15 °C and 35 °C.
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Based on the results shown in Figure 7a, it can be concluded that the recovery of
impurities improves with increasing the flow rate of stripped water. The content of H,S
decreases almost linearly with the increase in the flow rate of stripped water. In the case of
HCN, the cleaning efficiency improves linearly up to a flow rate of 30 m3/h, after which
there is a slight decrease, followed by a less steep increase in the efficiency. For NHj3, the
cleaning efficiency improves significantly up to a flow rate of 20 m® /h, after which the curve
becomes flatter. Stripped water is almost entirely pure water, which means that increasing
its flow rate has a positive effect on cleaning efficiency, especially on the absorption of NHj.

_ 91% 100% _ 895% 99.0%

Q 90% 95% % S 89.0% | 98.8%
=2

T 89% 90% = 2 88.5% 98.6% =

5 889 < h 98.4% &

v, 88% g5y > v, 88.0% =

T ° 0 T 98.2% ©

. 87% ] . 87.5% ‘—‘-*‘—H_‘-“*“o - 3

3 80% S < 98.0% -

2 86% & < 37.0% E

Z oee 75% © > 97.8% %

o g5% o0 S 86.5% o O

S 849 70% £ 2 97.6%

S 84% c 2 86.0% 97.4% &

D 83% 65% & 5 - SR

- G ap 85.5% —® 97.2% O

£ 82% 60% E 85.0% 97.0%

g 10 20 30 40 g 15 55 35

3
Flow rate (m?/h) Temprature (°C)
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Figure 7. Effect of flow rate (a) and temperature (b) of stripped water.

Changing the temperature of the stripped water had a relatively small effect on the
cleaning efficiency, since it is introduced into the scrubber at a low flow rate. However, the
cleaning efficiency decreased linearly with increasing stripped water temperature for all
three components.

The differences between the lower and upper values of the parameter ranges are
shown in Table 5. It can be observed that the cleaning efficiency of NH3 improved the
most with the increasing flow rate of coal water and decreased the most with increasing
the temperature of de-acidified water.

Table 5. Results of sensitivity analyses.

NH; H,S HCN

e Flow rate —1.14% 13.83% 8.07%
De-acidified water Temperature —32.72% —1.94% —7.08%

Flow rate 3.59% 2.89% 1.41%

Coal water Temperature —6.83% 0.25% 0.19%

Stripped water Flow rate 32.80% 2.28% 2.73%
Temperature —0.20% —0.04% —0.10%

The HjS cleaning efficiency was improved the most by increasing the flow rate of
de-acidified water, whereas it was worsened by increasing the temperature of de-acidified
water. For HCN, the largest improvement was caused by increasing the quantity of de-
acidified water, while the largest decrease was caused by increasing the temperature of
de-acidified water.
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3.1.2. Parameters That Cannot Be Influenced

The results of the effects of parameters that cannot be changed during operation are
shown below.

e  The flow rate of coke oven gas

The effect of the coke oven gas flow rate was studied in the range of 30,000-60,000 m3/h.
The upper limit of the range was determined based on the maximum plant capacity. In
contrast, the lower range was set according to the lowest production level which is more
and more frequent due to the increasingly difficult supply of raw materials and stock
shortage problems.

The cleaning efficiency of the impurities is reduced by increasing the quantity of coke
oven gas, as Figure 8 shows. A nearly linear relationship is observed for H,S, and a nearly
exponential curve is obtained for NHj3, while HCN shows an intermediate relationship.
With the current technology, higher cleaning efficiency can be achieved at a lower gas flow
rate for the working point under consideration.

100% 100%
S
99%
I o I
5 9% 98% Z
© )
0 %
A 90% 7%k =
- 96% O
Py c
X 85% 95% 5
§ 94% %
2 80% 93% &
& 92% ©
o 75% ° o
= 91% ©
C
S 70% 90%
(@) 30,000 35,000 40,000 45,000 50,000 55,000 60,000

Flow rate (m3/h)

o—H,S o— HCN o— NHj;
Figure 8. Effect of the flow rate of coke oven gas.

e  Hj)S content of coke oven gas

Good quality, low-sulphur coking coal is increasingly difficult to supply, and its price
is rising significantly. It is therefore possible that, in the near future, higher-sulphur coals
will have to be used to prepare the coking coal blend. Consequently, the H,S content of the
coke oven gas will increase. On this basis, the H,S content of coke oven gas was studied
between 0.003 and 0.08.

To illustrate the results, the results were plotted on two graphs. Furthermore, unlike
in the previous diagrams, the amount of pollutant components in the output gas was
compared instead of cleaning efficiency.

It can be observed that with increasing H,S content, the amount of H,S in the output
gas increases initially flatly and then significantly more sharply from 2.4 V/V%. Figure 9a
shows that increasing the amount of H»S does not favour HCN absorption.

In Figure 9b, it is observed that NH3 has almost the opposite slope curve to HyS. As
the amount of HS increases, the amount of NHj3 in the output gas decreases exponentially.

3.2. Optimisation

As described in Section 2.3.2, the system optimisation was carried out according to the
two approaches. The results are summarised in Table 6.
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Figure 9. Effect of H,S content in coke oven gas (a) and temperature (b) of coal water.

Table 6. Actual and optimised operation points.

Actual Optimised Optimised

Operating Point Operating Point 1 Operating Point 2
De-acidified water Flow rate (m3/h) 65.00 70.18 61.04
Temperature (°C) 24.00 18.59 29.87
Coal water Flow rate (m3/h) 29.00 43.99 18.02
Temperature (°C) 25.00 21.62 4498
Stripped water Flow rate (m3/h) 22.00 22.71 22.09
Impurities H,S (g/Nm®) 0.82 0.54 1.00
NH;3 (g/Nm?) 0.03 0.01 0.50
HCN (g/Nm?) 0.04 0.03 0.04
Estimated energy demand (MW) 414 540 284

(for cooling washing liquids)

Optimised operating point 1 collects the results calculated to minimise the impurities
content in the output coke oven gas. It can be observed that the temperature of the washing
liquids needs to be relatively low, while the flow rate of the water streams needs to be high.

Optimised operating point 2 summarises the operating parameters needed to minimise
the energy demand of the technology while still ensuring that it meets environmental
standards. The relatively high temperature of the washing liquids means that less auxiliary
energy is required for cooling after regeneration. As a result, the amount of washing liquids
required is also lower compared to the current working point.

4. Conclusions

In this work, the steady-state model of the coke oven gas purification process, located
in a Hungarian coke oven plant, was created. The task is rather complex since the three
scrubbers are interlinked through washing liquids, the columns are filled with special
expanded packings, and the coke oven gas is a multicomponent gas, so several parallel and
competitive chemical reactions need to be considered.

The model was built in Aspen Plus, using the rate-based approach. To fine-tune
the model, the liquid mass transfer coefficient factors of the three columns were changed
through the fmincon function of MATLAB. As a result, the relative errors between the
measured and calculated amount of impurities in output coke oven gas were below 1%.

With the adequately identified model, sensitivity analyses were carried out to study
the effects of the parameters that can and cannot be influenced. The influenceable pa-
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rameters consist of the flow rate and temperature of de-acidified water, coal water, and
stripped water.

The investigation of those parameters that cannot be influenced during operation
shows the degree of impact on gas purification. Thus, the effect of the H,S content of coke
oven gas and the coke oven gas quantity were analysed.

Based on the results of sensitivity analyses, two optimisation tasks were completed
with the help of the fmincon function of MATLAB.

One part of the optimisation was to see whether the current system would still be able
to guarantee the required purity of coke oven gas if environmental standards were stricter.
The results show that, in this case, significantly lower temperatures and higher volumes of
washing liquids would be needed. However, this would place a greater energy burden on
the plant. With current technology, the concentration of H,S can be reduced to 0.54 g/Nm?,
while the concentration of NH; decreased to 0.01 g/Nm? in the output coke oven gas. This
means that, under the proper operating conditions, the technology can meet significantly
more stringent standards as well.

The other optimisation task was to see whether the system could deliver the required
composition of the coke oven gas under more energy-efficient conditions. On this basis, it
can be concluded that the current requirement can be met with higher-temperature washing
liquids. By operating on the basis of the results calculated, the energy required to cool
the washing liquids will be about 30% less than the current demand. This is particularly
important at a time when energy prices have sharply increased.

As a result of our work, an existing gas purification system can be thoroughly studied
and understood. This helps to ensure optimal operation under the given conditions. This is
particularly necessary in uncertain times when raw material supply is problematic, and
energy efficiency is in great demand. In particular, it is important to make the most efficient
use of by-products and waste streams that can be used as a substitute for energy sources.
This requires ensuring continuously appropriate quality. Based on the presented steady-
state model, a dynamic model of the technology will be developed. It will significantly assist
in that the process can be operated more consciously, and the occurrence of breakdowns
and malfunctions can be significantly reduced.
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