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Abstract

:

The continuous rise of global carbon emissions demands the utilization of fossil fuels in a sustainable way. Owing to various forms of emissions, our environment conditions might be affected, necessitating more focus of scientists and researchers to upgrade oil processing to more efficient manner. Gasification is a potential technology that can convert fossil fuels to produce clean and environmentally friendly hydrogen fuel in an economical manner. Therefore, this study analyzed and examined it critically. In this study, two different routes for the produc-tion of high-purity hydrogen from vacuum residue while minimizing the carbon emissions were proposed. The first route (Case I) studied the gasification of heavy vacuum residue (VR) in series with dry methane reforming (DMR). The second route studied the gasification of VR in parallel integration with DMR (Case II). After investigating both processes, a brief comparison was made between the two routes of hydrogen production in terms of their CO2 emissions, en-ergy efficiency, energy consumption, and environmental and economic impacts. In this study, the two vacuum-residue-to-hydrogen (VRTH) processes were simulated using Aspen Plus for a hydrogen production capacity of 50 t/h with 99.9 wt.% purity. The results showed that Case II offered a process energy efficiency of 57.8%, which was slightly higher than that of Case I. The unit cost of the hydrogen product for Case II was USD 15.95 per metric ton of hydrogen, which was almost 9% lower than that of Case I. In terms of the environmental analysis, both cases had comparably low carbon emissions of around 8.3 kg of CO2/kg of hydrogen produced; with such high purity, the hydrogen could be used for production of other products further downstream or for industrial applications.
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1. Introduction


With the increase in urbanization and industrialization all over the globe, climate change has become one of the leading issues of our time. In order to counter the rising carbon emissions, the use of sustainable, renewable, and clean sources of energy is gaining attention. Among these clean fuels, attention is being drawn towards the use of hydrogen. Hydrogen is as a clean and green fuel. Unlike other fuels, the only products formed while burning hydrogen are water vapors, which are nonpolluting and harmless to the atmosphere and the environment. As a great source of green fuel, when consumed in a fuel cell, hydrogen produces only water, electricity, and heat. Even though hydrogen is the amplest element in the universe, it is not readily found in natural bulk quantities or eminent concentrations on Earth. Hydrogen occurs naturally in the form of fossil fuels, biomass, or water [1]. Over the years, the demand for hydrogen has been rapidly increasing, and it reached around 74 Mt in the year 2018 [2]. According to the World Health Organization (WHO), hydrogen is produced in abundant amounts during oil-refining processes. Depending on the feedstock, there are various technical methods to produce hydrogen. Gasification is one of the most prominent technologies that can convert various feedstocks including waste, plastic, biomass, and vacuum residues into a clean fuel such as hydrogen. The gasification of carbonaceous, hydrogen-containing fuels is an efficient method of thermal hydrogen production and is accounted to be a key technology at the turning point of the hydrogen economy [3].



Many studies in the past have explored the application of gasification utilizing various feedstock to produce clean fuels. Khalafalla et al. [4] studied the coal-gasification process for high-grade methanol production, involving carbon capture and utilization. The study proposed three alternative designs by employing the principles of process intensification to improve the process efficiency. Ahmed et al. [5] studied the cogasification of coal and biomass feedstock for the coproduction of H2 and methanol products. The study integrated the gasification and steam-reforming technologies and showed that the energy requirement could be reduced by 29% in the case of the integrated design. Wang et al. [6] demonstrated the gasification of depolymerizing slags originating from different feedstocks including biomass, coal, and other organics for the production of hydrogen gas. A recent work carried out by our group compared the vacuum residue gasification method of methanol production to the conventional steam-reforming route [7]. The results showed that vacuum residue gasification offered lower production costs and higher efficiency relative to the conventional process. The H-oil process is a commercialized process designed to conduct the cracking and gasification of heavy oils to produce clean fuels. Countries such as Japan have embraced the use of hydrogen in the manufacture and production of machines such as forklifts. Although gasification has proved itself as a potential technology for the conversion of solid and other heavy fuels into clean fuels, the captured CO2 still poses a concern if it is emitted into the atmosphere. Dry reforming (DR) is another process that can potentially produce hydrogen in addition to consuming carbon emissions. Studies have shown that DR utilizes chemical reactions to convert methane and carbon dioxide into carbon monoxide and hydrogen [8], while the water–gas shift unit converts the carbon monoxide into carbon dioxide and hydrogen gas. With the right temperature and catalysts in the water–gas shift reaction, almost all the carbon monoxide can be converted into hydrogen and carbon dioxide [9]. Low temperatures are adopted because the process is exothermic. Regarding DR technology, the authors of [8] contend that the choice of catalytic material influences the efficiency and rate of conversion of the carbon dioxide into carbon monoxide. These two technologies can therefore be utilized to improve the efficiency of hydrogen gas production. Jo et al. [10] contended that the utilization of the two technologies in hydrogen production had the impact of improving the efficiency of the process, because they achieved the redirection and the utilization of carbon dioxide, respectively. Shamsi et al. [11] found that the addition of a CHP cycle integrated with biomass gasification and WGS increased the overall energy efficiency of the process by 63%, compared to 29.2% for the base process. In addition, this increased the amount of hydrogen produced by 0.518 kmol (H2)/kmol tar, as compared with 0.475 for the base process. The process analysis also demonstrated that the integrated process of hydrogen production from biomass gasification tars was carbon neutral.



Ersöz et al. [12] performed simulation work on the utilization of CO2-neutral biomass sources and gasification technology, in which they developed the designs of the hydrogen production processes. Raw syngas was obtained via the staged gasification of biomass, using bubbling fluidized bed technology with secondary agents; then, it was cleaned, its hydrocarbon content was reformed, the CO content was shifted (WGS), and finally, the H2 content was separated by the pressure swing adsorption (PSA) unit. Rudra et al. [13] theoretically investigated hydrogen production by gasification and water–gas shift reaction. They characterized Norwegian municipal solid waste (MSW) for direct and indirect gasification processes according to the different gasification agents integrated in the process. The MSW characterization results showed a reasonable agreement with existing studies in different countries. The maximum hydrogen yield achieved was around 94% of the maximum theoretical hydrogen yield from the specified MSW.



However, this research was focused on the concept that bringing together carbon capture and utilization has the effect of reducing the thermal energy used while also ensuring that the design is eco-friendly. Further studies, such as that provided by Ishaq and Dincer [14], highlight that the use of a multistage water–gas reactor integrated with DR is anticipated to have a higher conversion rate of carbon monoxide into hydrogen and carbon dioxide. The same study shows that combining the two technologies improves the performance index of the hydrogen production process. In this work, the intent was to investigate and understand oil refinery vacuum residue gasification to enhance hydrogen production. The next step was to investigate how the process could be interspersed in parallel or in sequence with dry reforming technology. Dry reforming is a commercially accessible technology, and its benefits include an advancement in hydrogen production capabilities and a downfall in energy costs linked with heating and cooling. This is a unique approach in the industry and would improve progress in the use of hydrogen. The integration of gasification and dry reforming would provide an opportunity to capitalize on the synergy of the two technologies. Gasification is an exothermic process, while dry reforming is an endothermic process; therefore, the heat exchange between the two processes would minimize the energy consumption. The integration would not only provide an avenue for energy integration but would also offer a way to consume the CO2 emissions produced from the gasification and dry reforming processes.




2. Research Methodology


The general methodology followed in this study comprised a design concept and simulation, and a techno-economic analysis. The two steps are described in the following sections.



2.1. Design Concept and Simulation


In this modeling and simulation study, two alternative processes of converting VR to hydrogen were developed and compared in terms of CO2 emissions, profits, hydrogen produced, and an economic analysis. Aspen Plus modeling and simulation software was used to design the processes. The two processes included two main units, the gasification unit and the dry reforming unit. Both units were integrated together in the same process in two different ways, series integration and parallel integration with the gasification unit. Hydrogen production rate and purity were set at 50 t H2/h and 99.9% purity, respectively, for both cases. The selection of components that correctly represented the actual compounds used in the process was the first step in the simulation development of this model. The simulation was performed using a commercial software, a process simulator named Aspen Plus, which stores in its system a very large database of information and the values of a large number of conventional components. For both cases of VRTH, the vacuum residue feed was a blend of many heavy hydrocarbons that could not be defined as a conventional component in Aspen Plus. Therefore, vacuum residue was defined as a nonconventional component that relied on the built-in HCOALGEN and DCOALIGT models for the calculation of enthalpy and density, respectively. The thermodynamic package used to estimate the physical properties of components was the Peng–Robinson (PR) equation of state. With the help of the Fortran statement, a calculator block was installed to calculate the mass yield of individual species. In Aspen Plus, ULTANAL is defined as the ultimate analysis on a dry basis. The variable defined as the percent of H2O in the PROXANAL for the vacuum residue was used to convert the ultimate analysis to a wet basis. The remaining variables (H2O, ash, carbon, H2, N2, Cl2, S, and O2) were defined as the individual components of various species in the RSTOIC block. Vacuum residue along with the high-purity oxygen and steam was fed into the gasifier, with a O2/feed mass ratio of unity. The raw syngas left the gasifier at 1300 °C with a H2/CO ratio of unity. The heat energy available in the high-temperature syngas was recovered through a series of heat exchanges, generating high-pressure steam. Cooled syngas was removed using the chilled methanol solvent. A design specification was employed to achieve the required purity by manipulating the solvent flow rate.




2.2. Techno-Economic Analysis


A detailed energy analysis was performed to ascertain the performance of the two hydrogen production technologies. Vacuum residue gasification is an exothermic process where a significant amount of high-quality energy is made available. The high-temperature syngas stream leaving the gasifier is utilized to produce steam, a part of which is consumed back into the process, while the remaining steam may be utilized to produce power. On the other hand, reforming is an endothermic process operating at more than 850 °C, requiring substantial energy input. The syngas produced from the reformer has a high SN and can be directly fed into the hydrogen synthesis section without any further syngas ratio manipulation.



One of the commonly employed indicators to gauge the performance of any process based on the first law of thermodynamics is energy efficiency as defined by Equation (1).


  E n e r g y   E f f i c i e n c y =   E n e r g y   c o n t e n t   i n   H y d r o g e n + H e a t   &   P o w e r   F e e d   h e a t i n g   v a l u e + E n e r g y   C o n s u m e d   ×   100    [ % ]   



(1)







Energy Efficiency was calculated for the two processes using the lower heating value (LHV) for the vacuum residue, natural gas, and hydrogen, i.e., 39.9, 52.2, and 120 MJ/kg, respectively.



In order to assess the impact of the design of fossil-fuel-based hydrogen production on the environment, two key performance indicators, namely, carbon emissions and carbon efficiency, were investigated for Case I (dry reforming in sequence with the gasification process) and Case II (DMR in parallel with the gasification process). Carbon emission is defined as the amount of carbon emitted into the atmosphere per unit mass of hydrogen produced from the process, as shown in Equation (2).


  C a r b o n   e m i s s i o n =   T o t a l   c a r b o n   r e l e a s e d    (    k g   h r    )    H y d r o g e n   p r o d u c t i o n    (    k g   h r    )     



(2)







However, the findings reported in the energy analysis alone were not sufficient to draw conclusions on the comparative performance of the two processes. Therefore, a detailed economic analysis was performed to investigate the economic feasibility of the hydrogen production processes. The economic analysis included the estimation of capital expenditure (CAPEX) and annual operating expenditure (OPEX). The CAPEX included the direct and indirect costs. The costs associated with the direct CAPEX included equipment costs, materials required for installation (piping, electrical instrumentation, insulation, painting, fireproofing, foundation, and structures), and the cost of the labor required to install the equipment and materials. The indirect CAPEX covered freight, insurance, tax, and permit costs; construction overhead; contractor engineering expenses; and contingencies.



The OPEX calculation included the feed cost, utilities, labor and supervisory costs, maintenance, plant overhead, and general and administrative costs.



CAPEX was converted to annualized capital charge (ACC), assuming a project life of 30 years and an interest rate of 10%, using the relation shown in Equation (3), where “i” is the interest rate in fractional form.


  A C C =    [  i      (  1 + i  )   n   ]     [     (  1 + i  )   n  − 1  ]      ×   CAPEX  



(3)







Total annualized costs (TACs) were considered as the basis for assessment of the economic viability of VR-to-hydrogen production. Given that various design configurations were compared on a similar basis, TACs were represented simply as sum of the CAPEX and OPEX.





3. Process Description


Hydrogen gas can be produced from heavy oil residue using two different routes/configurations. The first is the sequential route. In this type of configuration, all the units are arranged in series. On the other hand, the parallel configuration can also be used. In the parallel configuration, the units are placed in parallel for hydrogen production.



3.1. Case I: Gasification of Heavy Residue in Sequence with DMR


Heavy oil residue is used to produce hydrogen gas (H2). The production process using the series configuration of the equipment is here described. Figure 1 shows the process flow diagram (PFD) for this case. The first section of the process is the gasification process. In the gasification process, the heavy oil residue is gasified in order to produce the slurry. In the gasification unit, the feed materials get cracked and the carbon-based material is converted into syngas. The gasification is a thermochemical process that is carried out at high temperatures, so that all the carbon-based material gets converted to hydrogen gas and CO. After the gasification process, all the carbonaceous material gets converted to syngas [15]. In this process, the heavy oil residue is gasified at 218 °C and 16 bars. The high pressure and temperature of the syngas produced is lowered by the exchange of heat via steam. This steam is then used for power generation through the steam cycle. The steam that is produced here is used in the WGS, which, process-wise, comes after the cleaning unit and the dry methane reforming (DMR) unit. The product stream of the gasifier contains CO, H2, CO2, and H2S. The sulfur contents in the stream can poison the catalyst in the WGS reactor, so it is important to remove the sulfur contents from the stream. The minimum amount of H2S allowed in the WGS unit is 100 ppbv. Subsequently, the product stream is sent to the gas-cleaning unit. In the cleaning unit, the solvent is introduced for the removal of the maximum amount of the sulfur contents in the stream. A conventional absorber–regenerator is used as the gas-cleaning unit. In the gas-cleaning unit, methanol at −34 °C is used to absorb the sulfur compounds and the CO2 gas in the absorber. The product stream is then sent to the CO2-capturing unit, where 95% of the CO2 is removed from the product stream. After the gas-cleaning and CO2-capturing units, the product stream is sent to the dry methane reforming unit. In the dry gas reformer, the methane gas is introduced from the bottom of the reformer. The methane gas and the CO2 gas react and, as a result, CO2 and H2 gases are produced. The reaction in the dry methane reformer is as follows in Equation (4) [14]:


CH4 + CO2 → 2CO + 2H2



(4)







The reaction in the dry methane reformer is an endothermic reaction. Dry methane reforming is used when we need a mixture of carbon monoxide and hydrogen. Hence, the product stream contains CO and H2. After this, the pure syngas, which mainly contains CO and H2, is passed through the water–gas shift (WGS) unit. In the WGS unit, the gas stream is passed through the water stream. The water–gas shift reaction is essentially a reaction between CO and water, and CO2 and hydrogen gas are produced as a result. The water–gas shift reaction is as follows in Equation (5):


CO + H2O → CO2 + H2



(5)







In the water–gas shift (WGS) reactor, water is introduced in the form of steam, and the water–gas shift reaction takes place. As a result, high-purity hydrogen gas is produced at 24 bars. The WGS reactor emits a purge stream and a CO2 gas stream. The CO2 stream is sent back to the DMR unit as a recycled stream. So concludes the process for hydrogen gas production by the gasification of heavy oil residue in the series configuration.




3.2. Case II: Gasification of Heavy Residue in Parallel with DMR


The PFD of hydrogen production using DMR in parallel with the WGS reactor is shown in Figure 2. The hydrogen gas production with this configuration is the same as with the series configuration but with a parallel connection between the dry methane reformer (DMR) unit and the WGS rector. Hence, all the units are the same as those in the series configuration, except for the DMR unit, which is different. In this configuration, the heavy residue oil is sent to the gasification unit and all the carbon-based material is converted to syngas. All the temperature and pressure conditions are similar to the conditions used for the series configuration [16]. After the gasification unit, all the feed material is converted into syngas or undesired products. The CO2 is one such undesired product, and it is removed in the cleaning unit by the CO2-capturing unit [17,18]. After this, the syngas produced is sent to the WGS reactor. The WGS reaction takes place in the reactor, and H2 and CO2 are produced as a result. The CO2 produced in the WGS reactor and the CO2-capturing unit is sent to the DMR. In the DMR, the methane gas is introduced and, as a result of the counter-current interaction between the gases, more H2 and CO gases are produced [17].



Upon comparison of both configurations, it was found that Case II, in which the gasification of the heavy residue oil is done using a DMR unit in parallel, was expected to be more efficient. Later, it will be seen that in the case of the parallel configuration, the conversion of the methane and syngas into hydrogen gas was more efficient and more yield was observed. Thus, as expected, the efficiency of the hydrogen production was improved by using the parallel configuration of the DMR unit with the WGS unit.



On the other hand, there are several limiting factors that can affect the process. For the gasification process, factors such as the temperature, the pressure, and the height of the reactor bed; the fluidization velocity; the gasifying medium; the moisture content of the feed material; the particle size; the equivalence ratio; and the air-to-steam ratio are considered to be limiting factors of the process. In addition, the availability of feedstocks and their properties are limiting factors for syngas production.



However, the operating parameters that influence hydrogen production the most are the temperature at the gasifier, the catalyst used in the DMR, the availability of feedstock, and the properties of the feedstock. The high temperature required by the gasifier is related to the steam requirement and eventually affects the cost.





4. Results and Discussion


The merits and competency of the two designs were evaluated in terms of an energy analysis, their environmental performance, and the economic factors.



4.1. Energy Analysis


Figure 3 shows the energy consumption in terms of the utilities required for the two designs. The results show that the hydrogen production through the Case I scenario (see Figure 1) required the highest amount of energy, with roughly 50% of the energy demand attributed to the water–gas shift reactions subsystem. The energy consumption for Case II was 817,103 kW, which was less than for Case I by almost 70,000 kW for the same feed rate of heavy crude oil residue. In addition to this advantage of the Case II design, Case II also had a higher energy efficiency (57.8% for Case II and 56.6% for Case I). Moreover, both designs could produce up to 3366 kW of electrical power per the given feed rate of the heavy residue. It was also noticed that that the increase in energy consumption for Case I was due to the greater energy demand from the dry reforming subsystem. This constituted an increase of around 7% in comparison to the energy demand of Case II, due to the cooling utilities in the dry reforming unit, where more cooling power was required. The electricity consumption for Case I was mainly down to the pumps, and the compressors contributed less than 7% of the total energy demand. The heating power demand accounted for around 33% of the total energy for Case I. The cooling power demand was around 61% of the total energy demand, and 75% was consumed in the WGS subsystem, as the reaction conditions required more cooling. For the proposed Case II design (see Figure 2), where the gasification was in parallel with the dry reforming subsystem, it appeared that more than 61% of the total power demand was consumed by the cooling utilities—around 35% of this power was consumed by the heating equipment, and the remaining 3% was electrical power consumed by the pumps and compressors. If we compare the cooling requirement of both designs, we see that Case II required around 9% less cooling power than Case I, which was another advantage in favor of Case II.



When comparing the dry reforming process of both designs, it was notable that the Case I design had an energy demand more than two times, or 230%, greater than that of Case II. Figure 4 shows the energy break-down for the two hydrogen production technologies according to each section of the process.



The results also revealed that the heat energy extracted from the hot syngas could produce 3361 kW of electrical power in both cases.




4.2. Environmental Metrics


The carbon emissions for the two proposed designs were calculated as shown in Table 1. The results showed that the emissions were almost the same for both designs, since all the CO2 captured in the WGS subsystem was eventually converted into hydrogen gas by the WGS. Most of the CO2 emissions came from the WGS section, with more than 37,000 Kg of CO2 released per the given flow rate of the heavy residue processed. This was due to the high energy demand of the stripper and condenser. The specific rate of carbon emission was 0.43 mole of CO2 per mole of hydrogen produced for both designs. The data showed that the two designs were equally favorable in terms of carbon emissions.




4.3. Economic Analysis


The energy analysis performed in the previous section showed that the Case II process consumed around 63 kW less compared to the Case I process for the same rate of hydrogen production (50 t/h). From an economic point of view, Table 1 shows the CAPEX breakdown in terms of the direct and indirect costs. The results show that the direct CAPEX contributed around 65% of costs, while the indirect costs constituted approximately 35% of the total CAPEX. An insight into the CAPEX estimation revealed that the equipment cost was 35% and 38% of the total CAPEX for the Case I and Case II processes, respectively.



The cost of the vacuum residue and natural gas was taken as USD 47.6/bbl and USD 10/1000 ft3, respectively, while the price for the high-purity oxygen was taken as USD 25/t [10]. Table 1 shows the OPEX for the two hydrogen production processes. The results showed that the price of the raw material was the largest factor contributing to the OPEX, followed by the utilities costs. The raw materials and utilities costs constituted 45–47% and 4–7% of the total OPEX, respectively, for the two processes. The results showed that the Case I process required an extra USD 22 million per year than was required by the Case II process for the utilities costs. This was due to the high electricity consumption in the DMR process, which was attributed to the compressor power. The compressors in the Case I process consumed 31 MW more power compared to the Case II. In addition, the heating load in the Case I process was also slightly higher because of the endothermic reactions taking place in the reformer. The results showed that the Case I process required an additional USD 26 million per year of OPEX compared to the Case II process.



Table 1 shows the TAC in terms of the annualized CAPEX and OPEX for the two processes. The results showed that the TAC for Case II was 7% less than for the Case I process. Since the hydrogen production rate was fixed for both designs, the TAC translates into the product costs of USD 17.23 and USD 15.95 per ton of hydrogen produced for the Case I and Case II process, respectively.





5. Conclusions


With a view to limiting the increase in global carbon emissions and enabling the utilization of fossil fuels in a sustainable manner, this study investigated the vacuum-residue-to-hydrogen (VRTH) production process integrated with the dry methane reforming process in two configurations, Case I and Case II, in terms of their energy requirements and their environmental and economic aspects. The proposed VRTH process integrated the dry methane reforming process with the gasification process in two different ways: for Case I, both processes worked in sequence to produce syngas, and for Case II, they worked in parallel to achieve the same purpose. The comprehensive simulation model was based on a hydrogen production rate of 50 t/h with a 99.9 wt.% purity and was developed in Aspen Plus, in order to analyze the performance of the two processes. The major findings of this study are summarized below:




	
The proposed VRTH Case II is a potential process to produce clean fuel such as hydrogen. This process could enable the utilization of the bottom of the oil barrel to convert the oil into a petrochemical that is useful for many applications downstream.



	
The developed Case II VRTH process was competitive and feasible in comparison to the Case I VRTH process. The overall energy requirement of Case II was 8% lower in comparison to the Case I process. The heating load and electricity requirement for the Case II process were roughly 2% and 60% lower, respectively, compared to those of Case I. The results for the Case II process showed that the cost of the hydrogen production per ton of hydrogen was USD 4 lower than for Case I, accounting for millions of dollars per year. Knowing that the price of hydrogen in the market is USD 3–6 per kilogram, this highlights another advantage of the Case II process overall, which clearly demonstrates the process’ viability.



	
The carbon emissions for Case II and Case I were very close to each other, which made both equally favorable in this sense.



	
This study performed a detailed economic analysis, and the results showed that the Case II process required a TAC of USD 349.5 million in comparison to the USD 377.5 million required by the Case I process, offering an annual cost saving of USD 28 million. For a production rate of 50 t/h, this translates to a hydrogen product cost of USD 15.95/t hydrogen for the Case II process in contrast to USD 17.23/t hydrogen for the Case I process. However, the product cost is a strong function of the raw materials cost, which contributes around 45% of the TAC.



	
The profitability of the VRTH process can be further enhanced by integrating it with renewable energy sources. For example, the energy requirements of the ASU and WGS sections of the VRTH process can be omitted with the integration of the VRTH process with a solar-powered water electrolysis process.
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Nomenclature




	ACC
	Annualized capital charge



	ASME
	The American Society of Mechanical Engineers



	ASU
	Air separation unit



	CAGR
	Compound yearly growth rate



	CAPEX
	Capital expenditure



	CCUS
	Carbon Capture, Utilization, and Storage



	CTM
	Coal-to-methanol



	EOR
	Enhanced oil recovery



	GJ
	Gigajoule



	IGCC
	Integrated gasification combined cycle



	IPCC
	International Panel on Climate Change



	LHHW
	Langmuir–Hinshelwood–Hougen–Watson



	LHV
	Lower heating value



	MW
	Megawatt



	OPEX
	Operating expenditure



	PCA
	Paris Climate Agreement



	PR
	Peng–Robinson



	SN
	Stoichiometric number



	SRTM
	Steam-reforming-to-methanol



	SRU
	Sulfur recovery unit



	TAC
	Total annual cost



	TCI
	Total capital investment



	TRE
	Total energy requirement



	VR
	Vacuum residue



	VRTM
	Vacuum-residue-to-methanol



	WGS
	Water–gas shift
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Figure 1. Process flow diagram for hydrogen production with DMR in series. 
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Figure 2. Process flow diagram for hydrogen production with DMR in parallel. 
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Figure 3. Total energy consumption in terms of the required utilities. 
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Figure 4. Total energy consumption for Case I and Case II according to each section of the process. 
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Table 1. Results summary in terms of energy and environmental and economic parameters.






Table 1. Results summary in terms of energy and environmental and economic parameters.










	
	Case I
	Case II





	Total energy requirement (MW)
	888
	817



	Energy efficiency (%)
	56.6
	57.8



	Specific emission (kg CO2/kg MeOH)
	8.36
	8.70



	Direct CAPEX (million USD)
	75.5
	41.3



	Indirect CAPEX (million USD)
	42.6
	30



	OPEX (million USD/y)
	372.9
	346.8



	Annualized CAPEX (million USD/y)
	4.6
	2.7



	TAC (million USD/y)
	377.5
	349.5



	Hydrogen (USD/t)
	17.23
	15.95
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