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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 examined. 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/Nm3 concentrations were found for H2S, NH3, and HCN, respectively. However, when the washing water temperature was included, the concentrations of H2S, NH3, and HCN increased to 1 g/Nm3, 0.5 g/Nm3, and 0.04 g/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.
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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 production 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].



Besides the continuous increase in energy prices, stricter environmental regulations make the operation of process industries more difficult. In addition, national and international 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 MJ/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 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 emissions 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/Nm3 (using an absorption system) or <10 mg/Nm3 (using wet oxidative desulphurisation). Furthermore, during the combustion of the coke oven gas, the emission level needs to be <200–500 mg/Nm3 for SOx and <350–650 mg/Nm3 for NOx [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 H2S 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 theoretical 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 structured 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-CO2-H2S-NaOH-H2O 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). Moreover, the optimal pH range was determined for selective H2S 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 H2S 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 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 H2S 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 CO2 emissions [19].



A research team modelled a H2S 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. Furthermore, 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 process 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 H2S scrubber, a NH3 scrubber, and a fine NH3 scrubber. The H2S 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 H2S 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 NH3 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.



In the first NH3 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.


H2O ↔ H+ + OH−



(1)






H2S ↔ HS− + H+



(2)






HS− ↔ H+ + S2−



(3)






HCN ↔ CN− + H+



(4)






NH3 + H2O ↔ NH4+ + OH−



(5)






CO2 + OH− ↔ HCO3−



(6)






HCO3− ↔ CO32− + H+



(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 CO2 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 CO2 is beneficial. However, complete elimination of CO2 is only relevant for streams that undergo processes 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 purification 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 H2S 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 2–4 for structured packing. Thus, the number of stages is 16 in all three scrubbers.



The data shown in Table 1 and Table 2 were used to build the steady-state model of the H2S scrubber and the two NH3 scrubbers.



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.



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 H2S and in washing bottles to determine HCN and NH3. Red dots mark the sampling points in Figure 2.



The H2S content of the gas is converted quantitatively to cadmium sulphide by cadmium acetate. Then, the cadmium sulphide is decomposed with hydrochloric acid, and H2S is determined by iodometry. In the case of NH3, the NH3 in a given quantity of gas 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.




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 H2S 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).


  Cleaning efficiency =   Input quantity − Output quantity   Input quantity   · 100  



(8)








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 H2S and NH3 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 H2S in the output gas is 1 mg/Nm3, while the maximum amount of NH3 is 0.5 mg/Nm3.



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






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 H2S, NH3, and HCN in the gas phase, along with the scrubbers.



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 = (H2S − 37.87)2 + (NH3 − 1.39)2



(9)




where H2S and NH3 are the measured values.



In Figure 4a, it can be observed that, in the H2S scrubber, the amount of NH3 increases until the de-acidified water input stage and then decreases rapidly. The quantity of H2S 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 NH3 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 H2S is slightly reduced, while HCN increases due to the input of the coal water.



In the fine NH3 scrubber, all the three impurities are reduced, but only NH3 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.



	
De-acidified water






De-acidified water is fed into the H2S 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 75 m3/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.



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 H2S 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 H2S decreases. Above 25 °C, the cleaning efficiency of NH3 sharply reduces, while that of H2S 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 NH3 from de-acidified water can also occur.



	
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.



The effect of coal water temperature is shown in Figure 6b. The cleaning efficiencies of H2S and HCN are essentially invariant to the temperature of coal water. In contrast, the cleaning efficiency of NH3 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.



	
Stripped water






For stripped water, the flow rate was investigated between 10 m3/h and 40 m3/h, while the temperature was between 15 °C and 35 °C.



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 H2S 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 NH3, the cleaning efficiency improves significantly up to a flow rate of 20 m3/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 NH3.



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.



The H2S 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.




3.1.2. Parameters That Cannot Be Influenced


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



	
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 H2S, and a nearly exponential curve is obtained for NH3, 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.



	
H2S 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 H2S content of the coke oven gas will increase. On this basis, the H2S 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 H2S content, the amount of H2S 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 H2S does not favour HCN absorption.



In Figure 9b, it is observed that NH3 has almost the opposite slope curve to H2S. As the amount of H2S increases, the amount of NH3 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.



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 parameters 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 H2S 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 H2S can be reduced to 0.54 g/Nm3, while the concentration of NH3 decreased to 0.01 g/Nm3 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.







Author Contributions


Conceptualization, A.E.; Formal analysis, N.R.-F.; Investigation, N.R.-F.; Methodology, N.R.-F. and L.N.; Resources, I.H.; Software, L.N.; Supervision, A.E., L.N. and I.H.; Validation, N.R.-F. and I.H.; Writing—original draft, N.R.-F.; Writing—review & editing, A.E., L.N. and I.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work has been implemented by the TKP2020-NKA-10 project with the support provided by the Ministry for Innovation and Technology of Hungary from the National Research, Development and Innovation Fund, financed under the 2020 Thematic Excellence Programme funding scheme. This work was prepared with the professional support of the Doctoral Student Scholarship Program of the Co-operative Doctoral Program of the Ministry of Innovation and Technology, financed by the National Research, Development and Innovation Fund.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chiah, M.; Phan, D.H.B.; Tran, V.T.; Zhong, A. Energy Price uncertainity and the value premium. Int. Rev. Financ. Anal. 2022, 81, 102062. [Google Scholar] [CrossRef]

	



Aminu, N. Energy Prices Volatility and the United Kingdom: Evidence from a Dynamic Stochastic General Equilibrium Model. Energy 2019, 172, 487–497. [Google Scholar] [CrossRef]

	



Spot Market Data. Available online: https://www.powernext.com/spot-market-data (accessed on 1 May 2022).

	



European Parliament and Council. Directive 2003/87/EC of the European Parliament and of the Council of 13 October 2003 establishing a scheme for greenhouse gas emission allowance trading within the Community and amending Council Directive 96/61/EC. Off. J. Eur. Union 2003, L275, 32–45. [Google Scholar]

	



Li, J.; Zhang, Z.; Zhang, S.; Shi, F.; Nie, Y.; Xu, L.; Ma, X. Life Cycle Assessment of Liquefied Natural Gas Production from Coke Oven Gas in China. J. Clean. Prod. 2021, 329, 129609. [Google Scholar] [CrossRef]

	



Babich, A.; Senk, D. Coke in the Iron and Steel Industry. In New Trends in Coal Conversion: Combustion, Gasification, Emissions, and Coking; Suárez-Ruiz, I., Diez, M.A., Rubiera, F., Eds.; Woodhead Publishing Limited/Elsevier: Cambridge, UK, 2019; pp. 367–404. [Google Scholar]

	



Razzaq, R.; Li, C.; Zhang, S. Coke Oven Gas: Availability, Properties, Purification, and Utilization in China. Fuel 2013, 113, 287–299. [Google Scholar] [CrossRef]

	



Porzio, G.F.; Colla, V.; Matarese, N.; Nastasi, G.; Brance, T.A.; Amato, A.; Fornai, B.; Vannucci, M.; Bergamasco, M. Process Integration in Energy and Carbon Intensive Industries: An Example of Exploitation of Optimisation Techniques and Decision Support. Appl. Therm. Eng. 2014, 70, 1148–1155. [Google Scholar] [CrossRef]

	



García, S.G.; Montequín, V.R.; Piloneta, M.D.; Lougedo, S.T. Multi-Objective Optimisation of Steel off-Gas in Cogeneration Using the ε-Constraint Method: A Combined Coke Oven and Converter Gas Case Study. Energies 2021, 14, 2741. [Google Scholar] [CrossRef]

	



European Parliament and Council. Directive 2010/75/EU on industrial emissions (integrated pollution and control). Off. J. Eur. Union 2010, L334, 17–50. [Google Scholar]

	



European Commission. Commission Implementing Decision of 28 February 2012 establishing the best available techniques (BAT) conclusions under Directive 2010/75/EU of the European Parliament and of the Council on industrial emissions for iron and steel production. Off. J. Eur. Union 2012, L70, 85–88. [Google Scholar]

	



Kohl, A.; Nielsen, R. Gas Purification, 5th ed.; Gulf Publishing Company: Houston, TX, USA, 1997; pp. 279–326. [Google Scholar]

	



Komulainen, T.M.; Sannerud, R.; Nordsteien, B.; Nordhus, H. Economic Benefits of Training Simulators. World Oil 2012, 12, 61–65. [Google Scholar]

	



Chaves, I.D.G.; López, J.R.G.; García, Z.J.L.; Leguizamón, R.A.; Rodríguez, N.G. Process Analysis and Simulation in Chemical Engineering; Springer International Publishing: Cham, Switzerland, 2012; pp. 1–10. [Google Scholar]

	



Mayer, J.; Schneider, R.; Kenig, E.; Górak, A.; Wozny, G. Dynamic and Steady State Simulation of Coke Oven Gas Purification. Comput. Chem. Eng. 1999, 23, 843–846. [Google Scholar] [CrossRef]

	



Thiele, R.; Brettschneider, O.; Faber, R.; Thielert, H.; Wozny, G. Experimental Investigation and Simulation of the Chemical Absorption in a Packed Column for the System NH3-CO2-H2S-NaOH-H2O. Sep. Purif. Technol. 2004, 39, 139–159. [Google Scholar]

	



Thiele, R.; Faber, R.; Repke, J.U.; Thielert, H.; Wozny, G. Design of Industrial Reactive Absorption Process in Sour Gas Treatment Using Rigorous Modelling and Accurate Experimentation. Chem. Eng. Res. Des. 2007, 85, 74–87. [Google Scholar] [CrossRef]

	



Carneiro, L.O.; Vasconcelos, S.F.; Neto, G.W.F.; Brito, R.P.; Brito, K.D. Improving H2S Removal in the Coke Oven Gas Purification Process. Sep. Purif. Technol. 2020, 257, 117862. [Google Scholar] [CrossRef]

	



Deng, L.; Adams, T.A. Optimisation of Coke Oven Gas Desulfurization and Combined Cycle Power Plant Electricity Generation. Ind. Eng. Chem. Res. 2018, 57, 12816–12828. [Google Scholar] [CrossRef]

	



Park, J.; Lee, Y.S.; Kim, J.; Um, W.; Lee, I.B.; Yoo, C. Energy, Safety, and Absorption Efficiency Evaluation of a Pilot-scale H2S Abatement Process Using MDAE Solution in Coke-Oven Gas. J. Environ. Chem. Eng. 2021, 9, 105037. [Google Scholar] [CrossRef]

	



Ramesh, K.; Aziz, N.; Abd Shukor, S.R.; Ramasamy, M. Dynamic Rate-Based and Equilibrium Model Approaches for Continuous Tray Distillation Column. J. Appl. Sci. Res. 2007, 3, 2030–2041. [Google Scholar]

	



Afkhamipour, M.; Mofarahi, M. Comparison of Rate-based and Equilibrium-stage Models of a Packed Column for Post-combustion CO2 Capture Using 2-amino-2-methyl-1-propanol (AMP) Solution. Int. J. Greenh. Gas Control 2013, 15, 186–199. [Google Scholar] [CrossRef]

	



Rado-Foty, N.; Egedy, A.; Nagy, L.; Hegedus, I. Comparison of Equilibrium-Stage and Rate-Based Models of a H2S Scrubber for Purification of Coke Oven Gas. Chem. Eng. Trans. 2021, 88, 217–222. [Google Scholar]

	



MathWorks Help Center: Fmincon. Available online: https://www.mathworks.com/help/optim/ug/fmincon.html (accessed on 28 April 2022).








[image: Energies 15 04548 g001 550] 





Figure 1. Prices of energy commodities 2020–2022 [3]. 
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Figure 2. Coke oven gas purification process flowsheet. 
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Figure 3. Aspen Plus and MATLAB connection. 
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Figure 4. Mass flow profiles of main impurities in the gas phase in (a) H2S scrubber, (b) NH3 scrubber, (c) fine NH3 scrubber. 
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Figure 5. Effect of flow rate (a) and temperature (b) of de-acidified water. 
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Figure 6. Effect of flow rate (a) and temperature (b) of coal water. 
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Figure 7. Effect of flow rate (a) and temperature (b) of stripped water. 
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Figure 8. Effect of the flow rate of coke oven gas. 
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Figure 9. Effect of H2S content in coke oven gas (a) and temperature (b) of coal water. 
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Table 1. Specification of the three scrubbers.
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	H2S Scrubber
	NH3 Scrubber
	Fine NH3 Scrubber





	Number of stages
	16
	16
	16



	Diameter (m)
	2.8
	3.5
	3.5



	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.
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	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)
	
	
	
	



	H2O
	-
	63,049.43
	28,887.15
	21,998.6



	H2
	2700.84
	-
	-
	-



	NH3
	73.47
	1389.72
	69.58
	0.17



	H2S
	341.20
	73.74
	0.51
	0.39



	CO2
	1920.63
	467.97
	42.32
	0.64



	HCN
	12.21
	19.14
	0.43
	0.19



	CO
	2567.05
	-
	-
	-



	CH4
	8366.47
	-
	-
	-



	C2H6
	2034.02
	-
	-
	-



	N2
	2886.90
	-
	-
	-
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Table 3. Measured and calculated results of the three main impurities in the output coke oven gas.
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Measured Results

	
Calculated Results

	
Relative Error




	

	
(kg/h)

	
(kg/h)

	
(%)






	
NH3

	
1.39

	
1.39

	
0.00




	
H2S

	
37.87

	
37.98

	
0.29




	
HCN

	
1.75

	
1.76

	
0.57
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Table 4. Parameters and objective functions of optimisation tasks.






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

	
40 m3/h

	
15 °C

	
18 m3/h

	
15 °C

	
10 m3/h




	
Upper boundary

	
75 m3/h

	
35 °C

	
44 m3/h

	
45 °C

	
40 m3/h




	
Objective function




	
Task 1 1

	
f(1) = (0 − H2S)2 + (0 − NH3)2




	
Task 2 2

	
f(2) = 2·(35 − DWTEMP)2 + (45 − CWTEMP)2 + 10·(46 − H2S)2 + 10·(23 − NH3)2








1 In the objective function, H2S is the H2S quantity in output gas, and NH3 is the NH3 quantity in output gas. 2 In the objective function, DWTEMP is the temperature of de-acidified water, CWTEMP is the temperature of coal water, H2S is the H2S quantity in output gas, and NH3 is the NH3 quantity in output gas.
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Table 5. Results of sensitivity analyses.
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NH3

	
H2S

	
HCN






	
De-acidified water

	
Flow rate

	
−1.14%

	
13.83%

	
8.07%




	
Temperature

	
−32.72%

	
−1.94%

	
−7.08%




	
Coal water

	
Flow rate

	
3.59%

	
2.89%

	
1.41%




	
Temperature

	
−6.83%

	
0.25%

	
0.19%




	
Stripped water

	
Flow rate

	
32.80%

	
2.28%

	
2.73%




	
Temperature

	
−0.20%

	
−0.04%

	
−0.10%
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Table 6. Actual and optimised operation points.
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Actual

Operating Point

	
Optimised

Operating Point 1

	
Optimised

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

	
44.98




	
Stripped water

	
Flow rate (m3/h)

	
22.00

	
22.71

	
22.09




	
Impurities

	
H2S (g/Nm3)

	
0.82

	
0.54

	
1.00




	

	
NH3 (g/Nm3)

	
0.03

	
0.01

	
0.50




	

	
HCN (g/Nm3)

	
0.04

	
0.03

	
0.04




	
Estimated energy demand (MW)

(for cooling washing liquids)

	
4.14

	
5.40

	
2.84
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