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ABSTRACT 

The development of renewable energy products is essential as the world progresses 

toward sustainability. Renewables are energy collected from sources, which are filled 

naturally on a human scale. On the other hand, it is impossible to renew non-renewable 

energy sources only after several hundred million years, leading to many problems, 

including but not limited to environmental contamination, issues in public health, rising 

costs and their enduring lifetime. For example, after several hundred million years, 

when the earth's supplies of fossil fuel get exhausted, it cannot be renewed. 

This study focused on a techno-economic analysis and life cycle assessment of using a 

renewable energy source (biogas) to produce methanol. The process design was 

performed using Aspen HYSYS version 10. Aspen HYSYS is a chemical process 

simulator used in the mathematically modeling of chemical processes from unit 

operations to full chemical plants. In doing this, the feed composition of biogas 

produced from Landfill was used as the material input, and the layout was well detailed 

and modeled close to industrial application. The results from the plant design indicate 

that dry reforming using biogas plus partial oxidation can produce methanol with > 

99% purity. 

Parametric sensitivity analysis was performed to determine the appropriate temperature 

and pressure required for a high conversion of methanol; the parametric sensitivity 

showed that methanol production is favored at medium temperature and high pressure. 
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Preliminary equipment sizing was done on the heat exchangers in the process to 

determine the heat-transfer area required; the heat transfer area was defined as 1027m2 

and 735.1m2, respectively. 

The techno-economic analysis revealed that the process is profitable and has an Internal 

Rate of Return of 20%, Payback Period of 4.76years, Production Cost of US$0.293/kg 

of produced methanol and Economic Constraint of 0.68. 

The life-cycle assessment gave a detailed insight on the interaction between the process 

and the environment and demonstrated that biogas should be cleaned from hydrogen 

sulphide and ammonia contaminants to prevent the acidification and human toxicity 

potential caused by those gases. It also suggests the utilization of the inert nitrogen gas 

purged from the process to prevent the eutrophication potential caused by its presence. 
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                                                      CHAPTER ONE 

INTRODUCTION 

The background for renewable energy is provided in this chapter. The section will then 

examine the utilization of biogas as a possible source of renewable energy and its 

methods and applications of production. Finally, this chapter describes the objective of 

this research, the scope of this study, and the outline of this thesis document. 

1.1       Background 

Sustainable energy come from sources of energy, which continually restore natural 

power. For instance, wind, water, sun, and plants. These fuels are converted into 

suitable kinds of power (Tromly, K. 2001).                                                                                                                                                         

1.1.1 Importance and Sources of Renewable Energy 

Petroleum (non-sustainable energy source) is the primary source of energy. Coal, oil, 

and combustible gas are easy to use but inadequately delivered on earth for our energy 

needs. They are consumed much more than they are made, and as this pattern goes on, 

they will finally be exhausted (Tromly, K. 2001). Besides the supply shortage, they 

have adverse effects on nature (Tromly, K. 2001). Alternatively, petroleum derivatives 

emit substances that deplete ozone and cause a hazardous air deviation (Tromly, K. 

2001). Sustainable energy is plentiful, and expertise is continuously improving 

(Tromly, K. 2001). The source of sustainable energy is used in a couple of different 

ways. Sustainable energy sources include but are not limited to: 
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 Biomass:  

Biomass is a significant source of energy. Energy-building organizations have carried 

out several investigations and applications to use biomass to replace some coal levels 

in their plants (Tromly, K. 2001). For example, it is possible to convert biomass to 

different forms of energy, such as biogas. In this research, biogas was applied as a 

feedstock in the production of the synthesis gas and subsequently methanol. It has less 

sulfur than coal, which leads to less sulfur dioxide discharge into the air (Tromly, K. 

2001). 

 Hydropower:  

Water is an incredibly sustainable source of energy. Water is transformed into 

electricity by hydropower plants. A watercourse dam is used to maintain an enormous 

water reservoir. This water is then discharged into turbines to generate electricity 

(Tomly, k. 2001). 

 Geothermal Energy:  

A few thousand miles below the surface, the Earth's core can reach significantly-high 

temperatures. This energy flows out of the base and warms the environment, which at 

high temperatures can form underground reservoirs of water and vapor (Tromly, K. 

2001). These tanks may be used for various applications, such as the power age or the 

heating of offices and structures (Tromly, K. 2001). The use of a geothermal heat pump 

(GHPs) makes it possible for heating and cooling structures to use the steady 

temperature of the low ground (Tromly, K. 2001). 
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 Solar Energy: 

Solar technology uses the high intensity of the sun to produce heat, light, and power 

through this energy (Tromly, K. 2001). 

 Wind Energy:  

The wind can be used to drive a turbine for power. These turbines produce electricity 

between 50 kW and 2 mW (Tromly, K. 2001). For large-scale projects, a few turbines 

can be used to spread across many parts of the world (Tromly, K. 2001). In the loading 

of homes, siphon water on the sites and remote media equipment, low-powered turbines 

can be used (Tromly, K. 2001). 

 Ocean Energy:  

Two forms of energy can be generated by the sea: thermal energy and mechanical 

energy (Tromly, K., 2001). Electricity can be created through thermal energy from the 

sea (Tromly, K. 2001). 

1.1.2     Biogas as a Possible Source of Renewable Power 

Biogas is an ecological, adaptable energy resource used for energy production and heat 

to replace oil by-products, and as an automobile vapor fuel. Rich in methane biogas 

(bio-methane) can supply synthetic compounds and materials with flammable gas. 

Generation of biogas via anaerobic assimilation is a significant focus for various kinds 

of production of bioenergy. It is well-thought-out to be one of the most efficient and 

natural innovations in bioenergy (Fehrenbach et al., 2008). 
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In contrast to non–sustainable sources of energy, the use of biogas can reduce 

greenhouse gas emissions.  

The European biogas power generation reached six million tonnes, with an annual 

increase of over 20 percent (EurObserv'er, 2008) of oil equivalents (Mtoe). As a result 

of the substantial improvement of agricultural biogas plants on properties. Germany has 

become the biggest biogas supplier worldwide. Approximately 4,000 units of agrarian 

biogas have been used on German farms towards the end of 2008 (Fachverband Biogas, 

2009). 

1.1.3    Biogas Production Methods 

Anaerobic microorganisms that, in four stages, degrade organic material into biogas 

produce biogas; the steps are hydrolysis, acidification, acetic acid creation, and biogas 

generation. The process results in crude biogas consisting of 51-76% Methane, 24-51% 

CO2 and 3-9% gases, e.g., Nitrogen, oxygen, trace gas (e.g., hydrogen sulfide (H2S), 

ammonia (NH3) and hydrogen). The crude biogas must be clean before the biogas 

conversion into power so that the saturated water vapor biogas is desulphurized and 

cooled. 

There are necessary conditions that should be met to allow the substratum to be 

skillfully decommissioned by the microscopic organisms. These are (1) anaerobic 

environment; (2) constant temperature; (3) ideal supplement amount; (4) optimal and 

unchanging Ph.         

The production of biogas depends on specific process steps, including the temperature 

of the process, dry matter, and substratum feeding technology. Biogas plants made from 
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agricultural waste products like molten manure, residues of harvesting and energy crops 

are often used in a one-step procedure of the mesophilic (32-42°C) temperature array 

with wet fermentation and near-continuous feeding (Eder and Schulz 2006).  

The technology for production changes in speed, process level, and hygiene according 

to process requirements. Hydrolysis, for example, mainly speeds up the procedure and 

may also lead to increased degradation. An increase in the heat of the process from the 

mesophilic (33-41°C) to thermophilic (44-58°C) is also accelerating degradation and 

debasement and enhancing the usability of the substrate (Eder and Schulz 2006). 

1.1.4      Biogas Utilization 

Few technologies transform biogas into more valuable energy types. The polluting 

influences, especially H2S, siloxanes, water vapor, and so on must be removed from 

biogas, to replace natural gas directly. Corrosion prevention requires some alteration to 

maintain adequate feed gas pressure and energy-to-air ratios so that it can be flammable. 

 Biogas as boiler fuel: 

Primarily, the recognized and primary method of using biogas is in the generation of 

heat energy used as energy for boilers in the process industry. The heat generation 

conversion efficiencies for biogas range from 74 to 86% (Krich et al., 2005), using 

natural gas industrial boilers adapted for use with biogas can be made possible by 

varying the air-to-gas percentage and expanding the energy aperture. Also, the 

combustor should be altered to address the high biogas flow rate required because the 

combustor's energy content is lower than that of natural gas. 

 



 

6 
 

 Biogas as a fuel for the engine: 

The utilization of biogas in electricity production in gas engines is a global 

development, which favors industry (Chambers and Potter, 2002; Krich et al., 2005; 

Deublein and Steinhauser, 2008; US EPA CHPP, 2008). The majority of biogas plants 

utilize lighted flammable gas, in some instance, propane motors which are enhanced to 

work on biogas. Diesel and four-stroke gas motors have in their way modified the 

application of biogas. Gas-powered waste heat is utilized repeatedly for heat and power 

consolidation applications. 

1.2       Research Motivations and Objectives 

This study is conducted to investigate the economic and environmental benefit of using 

biogas produced from the landfill to produce methanol. Novel process design is 

developed using Aspen HYSYS Version 10, a techno-economic analysis is carried out 

to determine the profitability of the process, and a life-cycle assessment is performed 

using Open Source Life Cycle Assessment Version 1.7.2 to evaluate the potential 

environmental impacts of the process.  

The process consists of the following steps: 

 The first process involves designing the base case synthesis gas and methanol 

plant using natural gas; 

 The second process comprises developing the novel case synthesis gas and 

methanol plant using biogas; 

 The third process includes performing a parametric sensitivity study on the 

novel case methanol plant to investigate the conversion at certain process conditions; 
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 The fourth process involves completing preliminary equipment sizing on the 

heat exchangers in the novel case plant design; 

 The fifth process consists of performing an economic assessment to access the 

profitability of the new process; 

 The sixth process consists of performing a life-cycle assessment to determine 

the environmental impact of the new process. 

1.3       Knowledge Gab & Contributions 

The synthesis gas and methanol production process has been adequately documented. 

However, new process designs can be developed to evaluate new processes, validate 

existing theories and suggest new hypotheses; this research evaluates the combination 

of biogas reforming and partial oxidation process to produce synthesis gas and 

methanol, it also confirms current literature on the appropriate temperature and pressure 

required for optimum methanol production. Finally, it evaluates the economic and 

environmental prospects of this new process. 

This study uses one AspenTech simulation program and a sustainability assessment 

software program: 

 Aspen HYSYS Version 10; 

 Open Source Life Cycle Assessment Version 1.7.2. 

These tools are well known in industry and academia and offer the flexibility of 

adjusting the process to different conditions in the analysis. 
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1.4       Thesis Outline 

This thesis covers six chapters. The first chapter includes background information 

relating to renewable energy, biogas production, and utilization.  

Section two contains a literature review provided to cover synthesis gas reforming 

technologies, methanol production processes, and life cycle assessment.  

Chapter three explains model development and analysis associated with the base case 

and novel design of the synthesis gas and methanol plant.  

Chapter four discusses the preliminary plant sizing of the heat exchangers used in this 

process. 

Chapter five describes data gathering, analysis, and results for the techno-economic 

analysis. 

Chapter six describes the data gathering, analysis, and the results for the life-cycle 

assessment. 

Finally, the conclusions and recommendations are discussed in chapter seven.  
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                                                     CHAPTER TWO 

LITERATURE REVIEW 

2.1      Introduction 

This section presents the description of the methods, and the research carried out in the 

following areas: 

 Synthesis gas reforming technologies for hydrogen production; 

 Methanol synthesis reforming technologies; 

 Life cycle assessment studies. 

2.2       Synthesis Gas Reforming Technologies for Hydrogen Production 

The most broadly perceived methane reforming techniques for hydrogen creation are 

known as "steam reforming," "partial oxidation reaction," "auto-thermal reforming," 

"dry reforming" and "dry oxidation reforming." Moreover, biogas can be used as a 

methane source, which explicitly depends upon its composition. (Alves, Junior, 

Niklevicz, Frigo, Frigo, and Combia-Araujo, 2013). 

It is crucial to determine the content of biogas in the reaction process carefully. 

 Natural (without modification) CH4 ≤ 75%, CO2 ≤ 45% and H2S ≤ 4000ppm;  

 Slightly treated for the expulsion of hydrogen sulfide;  

 Treated to a practically unadulterated type of methane.  

Hydrogen is produced by steam or dry reforming in a broad temperature scope of 600-

1000ºC, including dominatingly catalytic forms that are frequently combined. Both 
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reforming processes are performed under moderate pressure in the cylindrical settled 

bed or fluidized reactors. (Alves et al., 2013). 

2.2.1    Steam Reforming (SR):  

Steam reforming is the mix of methane with water vapor within sight of a catalyst, 

creating CO and H2.  

CH4 + H2O ⇔ CO + 3H2           ΔH298     (206kJ/mol)                                    Eq. (2.1)                                                                                                                                                       

This is a profoundly endothermic procedure which requires reaction temperatures 

running somewhere in the range of 650 and 850 ºC, to get H2 yields of 60-70% (Alves 

et al., 2013). Even though it has incredible capital consumption, Steam reforming is the 

most far-reaching mechanical course to acquire H2. (Alves et al., 2013). 

The H2/CO proportion delivered in steam reforming is identical to three, so as to 

produce more CO2 from CO, the water-gas shift reaction, is the most broadly utilized, 

requiring temperatures extending from 300 to 450 ºC and catalyst dependent on Fe, Cu, 

Mo or Fe-Pd composites, which empowers the generation of an extra measure of H2. 

(Alves et al., 2013). 

CO+ H2O ⇔ CO2 + H2           ΔH298     (-41.2kJ/mol)                                     Eq. (2.2)                                                                                                                                

Moreover, the brutal conditions require advance parallel carbon development (methane 

deterioration reaction), boudouard responses or disproportionation decrease reaction of 

CO, individually favoring catalyst deactivation via carbon testimony on its surface. 

(Alves et al., 2013). 
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CH4 ⇔ C + 2H2                      ΔH298     (74.9kJ/mol)                                        Eq. (2.3)          

2CO ⇔ C + CO2                     ΔH298     (-172.4kJ/mol)                                    Eq. (2.4)   

CO+H2 ⇔ C + H2O                ΔH298     (-131.3kJ/mol)                                    Eq. (2.5)   

It is required for the carbon to be on the catalyst surface as nanotubes, which cause 

lower carbon scattering over the surface, in this manner keeping its movement for a 

more drawn out timeframe. (Alves et al., 2013). 

The catalyst typically utilized in steam reforming comprises of Ni, Pt, Rh or Pd, of 

which the Ni catalyst has the benefit of having lower costs. Then again, Ni has more 

prominent deactivation defenselessness by the coke development because of the high 

temperatures utilized, which makes the Pt and Pd catalyst fascinating concerning 

stability. At the point when there is restricted mass exchange, Rh is used as it has 

synergist movement that is a lot higher than Ni and a lower coke arrangement 

inclination. (Alves et al., 2013). Essential backings are containing promoter 

components, for example, Ca, Mg and K can likewise be utilized to diminish carbon 

aggregation on the catalyst since they support carbon species gasification by the carbon-

water steam because of expanded water adsorption (Alves et al., 2013). 

To get high virtue H2, the CO2 and CO formed in the steam methane reforming must be 

adequately isolated, which is not unique to this kind of change, required in every one 

of the procedures where there is more noteworthy enthusiasm for H2 creation as 

opposed to the synthesis gas. Ordinarily, the H2 production applying the conventional 
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steam reforming process utilizes three coordinated frameworks: reformer, shift reactor, 

and separation unit (Alves et al., 2013). 

2.2.2 Dry Reforming  

Dry reforming occurs when CH4 reacts with CO2 to deliver CO and H2. 

CH4+CO2 ⇔ 2CO + 2H2           ΔH298     (247.4kJ/mol)                                   Eq. (2.6) 

This sort of reaction is appealing from an environmental stance since it consumes two 

gases that add to the greenhouse impact (CH4 and CO2). From the mechanical 

perspective, dry methane reforming also satisfies the requirements of numerous 

amalgamation procedures of oxygenated mixes and fluid hydrocarbons, which is a 

proficient course to create synthesis gas, yielding an H2/CO proportion of near 1 (Alves 

et al., 2013).  

The primary reaction Eq. 2.6 can be joined by contending parallel responses that change 

the balance transformation of CO2 in CH4 as follows: the turn around water-gas reaction 

Eq. 2.2, decomposition of carbon monoxide Eq. 2.4, and decomposition of methane Eq. 

2.3. All in all, dry reforming happens at temperatures going somewhere in the range of 

600 ºC and 900ºC, utilizing a CH4 and CO2 molar proportion of 1 and 1.5, achieving 

H2 yields under 60% yet more noteworthy than 40%. (Alves et al., 2013). 

The deterioration reaction of methane Eq. 2.3 ought not to be quicker than the carbon 

expulsion rate. Generally, there will be not kidding issues for the development of coke, 

with the resulting deactivation of the catalyst and obstruction of the reactor by the coke 

formed. The disintegration response of carbon monoxide Eq. 2.4 is favored at low 
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temperatures and, together with the decomposition reaction of methane; it can produce 

carbon. (Alves et al., 2013).  

Along these lines, the principal issue of dry reforming is the more prominent propensity 

to form coke, gathered on the help just as on the dynamic period of the catalyst, since 

the carbon-water steam response does not happen as it does in steam reforming. Eq. 

2.5. Much exertion has been utilized in the look for a catalyst that keeps away from the 

statement of carbon, while being thermally steady, keeping up selectivity in the 

generation of H2. (Alves et al., 2013). 

The most active catalyst for dry methane reforming, are Rh, Ru, and Pt. Be that as it 

may, these metals are costly and of constrained accessibility, and are hence, practically 

speaking not appropriate for the procedure at a mechanical dimension. Along these 

lines, a different catalyst has been produced by more prominent accessibility and lower 

cost, Ni and CO catalyst which is typically connected with expanded coke 

susceptibility, as if there should arise an occurrence. (Alves et al., 2013) 

2.2.3 Partial Oxidation Reforming  

Partial oxidation reforming is an elective technique to create hydrogen with decreased 

energy costs since the response is modestly exothermic. 

CH4+ 
1

2
 O2 ⇔ CO + 2H2           ΔH298     (-35.6kJ/mol)                                  Eq. (2.7) 

In this kind of reaction, methane is halfway oxidized to CO and H2 (synthesis gas), at 

atmospheric pressure, requiring temperatures under 900ºC however, more noteworthy 

than 600ºC to guarantee total transformation (H2/CO proportion near 2) and to diminish 
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the build-up of soot. Be that as it may, a slight abatement in CO selectivity cause the 

methane to react with oxygen to form CO2 prompting total burning (robust exothermic 

response), which results in high response pressure increment, which can frame problem 

areas in the reactor bed and structure coke on the catalyst surface (Alves et al., 2013). 

CH4 + 2O2 ⇔ CO2+ 2H2O          ΔH298     (-801.7kJ/mol)                               Eq. (2.8) 

2.2.4 Dry Oxidation Reforming  

A technique for the control of carbon statement on the outside of the catalyst is to 

consolidate the dry methane reforming and incomplete oxidation reaction. Co-

sustaining O2 with CH4 and CO2 gives extra focal points, for example, decreasing the 

worldwide energy included, enhancing the conversion of CH4 and expanding the item 

yield at a lower temperature; improved catalyst solidness and expanded deactivation 

obstruction; controlling the H2/CO proportion by the balance of O2 to meet the stream 

prerequisites (Alves et al., 2013). In methane dry oxidation reforming, the item 

proportion of H2/CO and the exothermic or endothermic nature can be constrained by 

controlling the procedure factors, especially the response temperature and additionally 

significant grouping of O2 in the reactor feed. By and large, the exothermic nature 

increments for a given temperature as the O2 focus in the feed increments. This is 

because of the way that the expansion of O2 decides the oxidation procedure.  

The catalyst for this kind of response is generally coordinated to help advancement or 

the crossing point of a second metal related with Ni to upgrade its soundness (Alves et 

al., 2013).  Concerning improving, the expansion of oxygen lessens the development 
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of coke on the catalyst because of a more prominent control of the incomplete oxidation 

of the novel carbon species, CH4 and CO2, for CO. (Alves et al., 2013). 

2.2.5 Autothermal Reforming (ATR)  

The endothermic idea of steam reforming influences it to require an external power 

supply; a reactor's inside warming is commonly more proficient than outside warming, 

and a response that discharges energy in the catalyst bed can make the assembling 

procedure of H2 enthusiastically progressively affordable. Nevertheless, the incomplete 

oxidation response of CH4 has the upside of being exothermic Eq. 2.7, yet creates a 

lower H2/CO proportion in correlation with steam reforming. (Alves et al., 2013). 

Authothermal reforming is the blend of steam reforming and partial oxidation, bringing 

about the accompanying after responses. Autothermal reforming likewise happens 

within sight of CO2 (include condition) (Alves et al., 2013). 

There is a warm zone in the reactor, where the incomplete oxidation is directed to 

produce the warmth required for steam reforming that happens in the synergist zone, 

nourished by a descending steam stream. The energy created by the area where the 

halfway oxidation occurs does not require outside warming, bringing about an effective 

procedure. (Alves et al., 2013). 

The benefits of autothermal reforming, concern the speed with which the reactor can 

be stopped and restarted, and the ability to deliver higher measures of H2 with lower O2 

utilization when contrasted with detached oxidation response halfway. The H2/CO 

proportion in the synthesis gas created can be adequately adjusted through the 
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CH4/O2/H2O proportion to sustain the reactor, prompting the amalgamation of the ideal 

item. (Alves et al., 2013). 

Furthermore, the mix of these responses can enhance the temperature control in the 

reactor and lessen the arrangement of problem areas, accordingly dodging the 

deactivation of the catalyst. (Alves et al., 2013). 

 It ought to be noticed that the selectivity of items in the oxidation zone is exceptionally 

subject to temperature, that is, halfway oxidation responses Eq. 2.7 are supported by 

expanded heat and all-out oxidation Eq. 2.8, is backed by diminished temperature. 

There has been numerous examinations and research on the syngas reforming and 

hydrogen generation advances. (Chattanathan, Adhikari, McVey and Fashina, 2014) 

Examined hydrogen creation from biogas improving with specific enthusiasm for the 

impact of H2S on CH4 conversion. In the exploration, ASPEN Plus was utilized to 

simulate the temperature impact on the conversion, and Gibbs reactor was used for the 

dry reforming process.  

Reforming reactions were performed at temperatures 650ºC, 750 ºC, and 850 ºC, and 

the pressure was set at atmospheric pressure utilizing a commercial CH4 transforming 

catalyst (Reformax® 250). The simulated CH4 and CO2 transformations when 

compared with the experimental conversions in the dry improving process, 

demonstrated that the conversions increased in temperature in both cases. It was also 

noticed that the addition of 0.5mol% H2S considerably abridged the CH4 and CO2 

conversions from 67% and 87% to 19% and 22% respectively. 
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(Rajivgandi, 2015) Examined the hydrogen generation from bio-methane reforming. In 

the research, bio-methane was simulated utilizing Aspen Plus with the feed inlet being 

bio-methane and steam. The temperature, steam to carbon ratio, and the pressure were 

varied at 500-900ºC, 2:1, 3:1, 4:1, and 1-3 bar separately.  

From the simulation results, it was seen that the temperature and pressure had 

consequences for H2 generation, a 71% yield was gotten, and it was inferred that bio-

methane feed delivers a high mole fraction of H2 at a temperature of 775ºC, a pressure 

of 1 bar and steam to carbon proportion of 2:1. 

(Ayodele and Cheng, 2015) Researched decreasing the CO2 emanations by creating 

syngas from methane reforming, concentrating primarily on dry reforming, partial 

oxidation, and autothermal reforming. Aspen HYSYS was utilized to simulate the dry, 

partial oxidation and autothermal reforming while Gibb's free energy reactor was used 

to complete the thermodynamic investigation. Dry reforming occurred at a pressure of 

101.3kPa, the temperature of 800ºC and flowrate of 144kg/h and 86kg/h syngas was 

created. It was seen that with an increase in temperature, there was an increment in CO2 

and CH4.  

Partial oxidation took place at a pressure of 101.3kPa, a temperature of 600ºC and 

flowrate of 113kg/h to produce a syngas of 62.08kg/h flow rate. The yield of H2 and 

CO increased with increase in temperature. The flow rate in autothermal reforming was 

211kg/h, and the syngas produced had a flow rate of 158.7kg/h. It was inferred that 

autothermal reforming is the best strategy for hydrogen generation since it gave the 

most noteworthy H2 yield.  
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 (Gopaul and Dutta, 2015) Performed a study utilizing three cases and various biogas 

types with the general point of creating syngas with a molar H2-CO proportion of 

roughly 1.6-1.7 for downstream usage in Fischer Tropsch Synthesis applications. The 

three cases contemplated were: dry reforming of methane only, dry reforming of 

methane and partial oxidation, dry reforming of methane and hydrogen oxidation. 

While the biogas sources utilized were landfill (LF), corn cob (CC), whole stillage 

(WS), and combined cob and stillage (CS). Aspen plus was utilized to create and 

upgrade all the reaction frameworks. Gibbs and equilibrium reactor model were used 

to calculate the corresponding outputs for each situation using the technique for Gibbs 

free energy minimization at the predefined working temperature, pressure, and 

component inlet stream rates.  

For all the three cases, biogas was fed into the reactor at 850ºC and 1atm; and CH4 

conversion was monitored. Looking at the outcomes from all the three trials, and putting 

accentuation on syngas yield and concentration, it was seen that dry reforming 

procedure was endothermic, creating high yield syngas utilizing landfill and low yield 

syngas using entire whole stillage at a working temperature of 950ºC and pressure of 1 

atm.  

 The syngas H2/CO proportion of 1.6 - 1.7 with CS biogas for the dry reforming of 

methane and partial oxidation framework was accomplished by shifting the inlet 

O2/CO2 portion somewhere in the range of 0 to 0.51. However, thermo-neutrality was 

accomplished because less O2 was required for achieving the desired ratio (which was 

less than the amount needed for thermo-neutrality).  
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CS biogas gave out of all gases the highest yield of syngas in the dry reforming of 

methane and hydrogen oxidation system. For LF and CC biogas, there was energy 

transfer through the external supply of H2, resulting in thermo-neutrality between the 

dry reforming of methane and hydrogen oxidation process. 

 (Oluku, Ibrahim and Idem, 2015) Revealed the effect of using a membrane reactor on 

the water gas shift reaction at a pressure range of 150-250psi, a temperature range of 

673-773K, the weight of catalyst/CO molar flow rate of 1.1-2.7(g-cat.hr)/mol while 

approximating the effect of hydrogen removal on conversion and reaction products 

yield. From the results, they established that there was an increase in H2 recovery and 

improvement in CO with increasing pressure from 100 to 300 psi (6.8-20.4atm). They 

also showed that there was a significant increase in CO conversion and hydrogen 

recovered when there was an increase in catalyst weight. The membrane reactor showed 

more excellent performance at high pressure and atmospheric conditions. 

 (Olah, Goeppert, Czaun, and Prakash, 2013) Concentrated on improving the reforming 

of methane reforming with consolidated steam and dry reforming in a tubular flow 

reactor at high pressure (500-3000kPa) and temperatures (800-950ºC) utilizing a 

NiO/MgO catalyst thermally activated under hydrogen. In their procedure, a particular 

proportion of methane, steam, and CO2 of 3:2:1 created synthesis gas with basically a 

2:1 ratio. It was concluded that bi-reforming viably reacts over methane and its sources 

to metgas, a 2:1 H2/CO directly applicable for endless methanol combination with high 

selectivity. 
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(Sunny, Solomon and Aparna, 2016) Studied the synthesis of gas production from 

regasified liquefied natural gas. In their study, they simulated an ammonia plant using 

regasified liquefied natural gas (R-LNG) as a feedstock to determine the reduction of 

energy consumption extensively. They concluded that there was a reduction in 

steam/carbon due to the lower carbon-hydrogen ratio of R-LNG. 

 (Galvango et al., 2013) Studied finding a suitable pathway to produce hydrogen from 

biogas by conducting investigations on the main reforming processes used to convert 

biogas to syngas. The study analyzed different processes, namely steam reforming, 

autothermal reforming, and partial oxidation. They concluded that partial catalytic 

oxidation had the highest energy efficiency (92%-95%) due to the increase in CO 

concentrations and increase in hydrogen yield as compared to steam reforming and 

autothermal reforming (85-88%). 

(Cruz et al., 2018) Used exergy analysis to evaluate the thermodynamic performance 

of biogas focusing on the electricity and steam requirements of the dry reforming 

process. ASPEN Plus was the simulation model used for the analysis. They concluded 

that dry reforming and power generation systems destroyed 28% of the overall exergy 

of the fuel due to their inefficiency. 

 (Roy et al., 2018) Used the steam biogas reforming to convert biogas to a high yield of 

hydrogen gas. Aspen Plus simulation was used to experimentally study the whole 

process by determining the material, energy steam rates, and compositions. It was 

reported that the overall system efficiency increased with increasing CH4 concentration 

in biogas feed while CH4 and CO2 conversions increased with decreasing CH4 level in 
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biogas feed at a steam/carbon ratio of 1.5. It was concluded that CO2 conversion was 

only attainable at temperatures higher than 1073K under atmospheric pressure with a 

possible prediction of CO2 transformations occurring at most temperatures within 873-

1123K.     

2.3 Methanol Synthesis Reforming Technologies 

The use of sustainable resources to replace fossil fuels is one in all the technology 

choices to mitigate GHG emissions. (U.S. Energy data Administration, 2010). Methyl 

alcohol has a plus over chemical element gas because it may be a safe liquid. It is simple 

for storage and distribution; it is mixed with fuel and might be employed in the direct 

methyl alcohol fuel cells (Masih et al., 2010). There are some recent developments for 

vehicles to use methyl alcohol as their energy supply (Luyben, 2010) 

Methanol is produced from multiple sources as well as biomass and coal; however, 

fossil fuel may be a better option as a feedstock for methyl alcohol. The explanation is 

fossil fuel is accessible in high quantities in comparison with coal and biomass 

resources; natural gas conversion is an environmentally friendly method. Production of 

methyl alcohol, dimethyl ether and synthetic fuels from fossil fuel has become a 

fundamental choice for utilization of oil and gas fields, that earlier was not 

economically feasible.  

 This concerns remote gas fields, gas fields lacking transport infrastructure, and 

associated gas fields wherever a complete resolution for each oil and gas is required 

(Kvamsdal et al., 1999). Fossil fuel is one in all the critical fossil energy sources has 

calculable verified reserves of 174*1012m3 of that slightly less that 50% is too removed 
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from the market reach (Velasco et al., 2010). Sophisticated technologies are accessible 

for the conversion of fossil fuel to synthesis gas and are widely employed in chemical 

plants. Everywhere on the planet, methyl alcohol production has up by forty-two 

percent from 2001 to 2008 (PCI-Ockerbloom & Co. Inc., 2010). Yearly output in 2010 

was 45Mt (Aasberg-Petersen et al., 2011). 

The methyl alcohol market is in an exceeding state of modification with some 

derivatives declining, like methyl tertiary-butyl ether (MTBE), while others are 

increasing powerfully like biodiesel, fuel mixing, dimethyl ether (DME). Methyl 

alcohol to olefins and methanol to gas. Demand potential into these new retailers is 

hugely obsessed with the value competitiveness of methyl alcohol against ancient 

alternatives like liquefied crude oil gas. This successively is decided by future 

developments in feedstock costs and therefore, the structure of the methyl alcohol 

production base, (Chem Systems, 2009). 

Overall world demand for methyl alcohol is projected to grow at an annual average rate 

of 10% from 2010 to 2015, with lower growth expected within the industrial areas of 

the planet wherever the markets are mature. However, none of those facilities fulfills to 

provide and supply the quantities needed if synthesis gas/methanol were to play a 

collective role as a brand new energy supply for road traffic (Swain et al. 2011). 

China has been the most crucial methyl alcohol overwhelming country and can increase 

its share of world consumption from virtually forty-one percent in 2010 to fifty-four 

percent in 2015 (Saade, 2011). With raised demand, it is essential to economize the 

various open process technologies. 
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Since the commercial implementation of methyl alcohol production methods in 1923, 

there are constant efforts to upgrade the technology and to include the latest analysis 

developments (Lange, 2001). 

Methanol may be an essential chemical intermediate, and diverse applications remodel 

it into essential merchandise and commodities that span and drive life. Globally, 

formaldehyde production is the largest consumer of methanol, accounting for pretty 

much thirty-two percent of world methyl alcohol demand in 2011. This can be 

anticipated to fall to twenty-five percent by 2016 with gasoline/fuel applications 

changing into the most crucial demand sector totaling thirty-one percent. The 

consumption of methyl alcohol into direct fuel applications surpassed MTBE as the 

second largest marketplace for methanol production, with virtually eleven percent of 

world methyl alcohol demand; by 2016, it is expected to account for sixteen percent, 

increasing at a median rate of nearly twenty percent.  

Carboxylic acid/anhydride and MTBE every share ten percent of methyl alcohol market 

volume (Saade, 2011). Methyl alcohol to Olefins and methanol to gas demand is 

anticipated to become a high growth sector, rising from six percent of finish use demand 

in 2011 to twenty-two percent by 2016, the overwhelming majority of that is forecast 

to require a place in China (Johnson, 2012). Alternative uses of methyl alcohol embrace 

waste-water denitrification, chemical element carrier for fuel cells, transesterification 

of vegetable oils for biodiesel production and electricity production (Biedermann et al., 

2006). There are thousands of products that can be made from methanol.  
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Methanol production is a well-known technology, and its production has been well 

documented in the literature. 

 

 

Figure 1: Methanol Products Demand in 2011 (Riaz et al., 2013) 
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Figure 2: Projected Methanol Products Demand in 2016 (Riaz et al., 2013) 

 2.4      Methanol Production Process 

One of the foremost troublesome issues in coming up with methyl alcohol plants is the 

removal of warmth. Precise temperature management is an extra constraint within the 

resolution of this issue, as excessive temperatures mostly affect catalyst life. (Tijm et 

al., 2001). 
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Table 1: Technology suppliers and the operating conditions of methanol synthesis (Riaz 

et al., 2013). 

Methanol is generated in a three-step process: synthesis gas production, methanol 

synthesis, and product separation. The synthesis gas production step has been discussed 

in the earlier part of this chapter.  

2.4.1    Methanol Production 

The elevated-pressure method that was initially developed by BASF in 1923 (Tijm et 

al., 2001) remained the dominant technology for over forty-five years. The first 

elevated-pressure method was operated at 250-350 bar and 320-450ºC using a like 

poison (sulfur and gas contamination) resistant catalyst, ZnO/Cr2O3. The technique 

needed significant investment within the plant style and expense for thick-walled 

vessels and great compression energy.  

The power to supply sulfur-free synthesis gas and formulation of a replacement and 

additional active Cu-based catalyst sealed the approach for a lower pressure method 

developed by ICI in the 1960s. The method works at pressures between 51 and 101bar 

and temperature variations of 201 - 301ºC. (Ozturk and shah, 1985).  

The equilibrium restricted methyl alcohol synthesis reactions are favored at a lower 

temperature; however, this hurts catalyst activity. Persistent higher temperatures 

Original Equipment 

Manufacturer 

Temperature (ºK) 

 

Pressure (kPa) 

ICI (Synetix) 483-563 5,000-10,000 

Lurgi 503-538 5,000-10,000 

Mitsubishi Kellogg 508-538 5,000-20,000 

Linde AG 513-543 5,000-15,000 

Haldor-Topsoe 473-583 4000-12,500 
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increase the activity of the catalyst at the price of forming product like dimethyl ether, 

higher alcohols, methyl formate, and dimethyl ketone. To confirm the catalyst activity 

and effective use of reaction heat, methyl alcohol converters are operated at a 

temperature within the vary of 200-300ºC (Malhotra, 2012). 

The low-pressure method was the single process utilized within the market by 1999; 

and relying upon the method technology used, synthesis gas could also be washed, 

compressed, and heated before getting into the methyl alcohol synthesis loop. This new 

feed is mixed with recycled unreacted synthesis gas and sent to methyl alcohol reactor 

for the subsequent reactions (Raudaskoski et al., 2009) taking place: 

CO+ 2H2 ⇔ CH3OH                     ΔH298     (-90.77kJ/mol)                             Eq. (2.9) 

CO2 + 3H2 ⇔ CH3OH+H2O         ΔH298     (-49.58kJ/mol)                             Eq. (2.10) 

CO2 + H2 ⇔ CO + H2O                 ΔH298     (+41.19.7kJ/mol)                         Eq. (2.11) 

CO reduction is an exothermal procedure confined by using equilibrium and favored at 

low temperatures in fuel section to achieve a lifelike industrial conversion rate, use of 

a novel catalyst and elevated pressure is essential to ensure a steady mole decrease for 

the duration of the synthesis (Manenti et al., 2011a). The reaction is carried out on 

copper oxide, zinc oxide, and alumina (CuO/ZnO/Al2O3) catalyst. The selectivity of 

the catalyst towards methanol is pretty high, however, for industrial plants; per pass 

conversion is low necessitating expensive recycle. 
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2.4.2 Separation and Distillation Unit 

The manufactured methanol comprises dissolved gases, water and insignificant 

amounts of hydrogen. Usually, there is a small amount of waste product in the outlet 

stream. The waste streams are separated in the methanol purification section. The 

methanol purification section consists of a series of distillation columns. In a flash 

vessel, the physically dissolved gasses are flashed off while in a pre-run column low 

boiling impurities are removed (Zahedi, 2005). In a two-stage system, first under 

pressure and second under atmospheric pressure, the stabilized methanol is distilled to 

obtain a specific product. In the two-stage distillation columns, the higher boiling point 

components are removed.         
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Figure 3: The steps in the conventional methanol production process. (Fitzpatrick,    

2000). 

  

Figure 4: A Methanol Production Unit (Wilhelm et al., 2001). 

2.5       Foremost Difficulties in Methanol Production    

The gas routes of synthesis are highly efficient but capital-intensive as they involve 

energy exchange in reformers and units for heat recovery. For methanol synthesis, 

conversion per pass and yield are essential factors for long-term catalyst deactivation; 

and the standard synthesis gas composition should be tolerated. Otherwise, potential 

savings are offset by increased costs in the manufacture of synthesis gas (Aasberg-

Petersen et al., 2001). 

It was estimated (Baliban et al., 2013) that in most synthesis gas applications such as 

methanol, Fischer-Tropsch synthesis, approximately 60-70% of the overall process cost 
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is associated with synthesis gas generation, 20-25% is associated with methanol 

synthesis step, and the rest is related to final product upgrading and purification. 

2.5.1   The Energy Requirement    

With C-H bond energy of 439kJ/mol, methane molecule is stable and resistant to many 

reactants (Navarro et al., 2007). The industrial process for reforming methane steam 

and methane pyrolysis is highly endothermic and consumes a large amount of heat as a 

result. The combustion of natural gas is one of the primary sources of the process's high 

internal thermal energy requirements. High flame temperatures result in significant loss 

of heat and emissions of thermal oxides of nitrogen (Ismagilov et al., 2001). 

Conventional methane steam reforming units with methane as fuel have approximately 

61 percent thermal efficiency (Zeman and Castaldi, 2008). 

Synthesis gas preparation section is the most expensive –60% of the total investment 

of large-scale plants (Aasberg-Petersen et al., 2001) in the three process sections of 

methanol production. It is also responsible for the majority of the plant's energy 

conversion (Aasberg-Petersen et al., 2004). Fuel firing, heating, cooling, and excess 

steam contribute to substantial heat transfer duties and large investments (Lange, 2001), 

the offset for future energy economy. Therefore, there is a keen interest in optimizing 

process schemes and developing new technologies that can reduce the capital cost of 

generating synthesis gas (Velasco et al., 2010). 

2.5.2 The Deactivation of the Catalyst    

Some factors, such as sintering, poisoning, and carbon formation, influence the 

deactivation of methane steam reforming catalyst. Natural gas usually contains small 
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quantities of sulfur components, and a desulphurization unit is installed before methane 

vapor reforming. Nickel is most susceptible to group VIII metals sulfur poisoning. The 

presence of arsenic, lead, phosphorus, silica, and alkali metals, in addition to sulfur, 

also significantly reduces catalyst activity (Aasberg-Petersen et al., 2011). 

Deactivation of the nickel catalyst by carbon formation is a significant problem in 

methane reforming caused by fouling the Ni surface, blocking the pores of the catalytic 

particle and disintegration of the supporting material (Pedernera et al., 2007). Carbon 

formation is avoided by proper catalyst design and the process of reforming methane 

steam (Aasberg-Petersen et al., 2011). Coking reactions affect the activity of the 

catalyst. These occur in conjunction with reforming reactions and poisoning the surface 

of the catalyst, thus reducing its activity. The responses to coking are CO reduction 

(Beggs reaction), methane cracking, and boudourd reaction Eq. (2.5, 2.3 and 2.4). 

The phenomenon is more pronounced in low-steam-to-carbon operations or low-H2/CO 

conditions, such as methanol synthesis (Lukyanov et al., 2009). Among other 

challenges facing the methanol, the industry is the deactivation of catalysts, which is 

mainly due to chemical poisoning and heat sintering. Impurities such as sulfur, chlorine, 

heavy metals, oil, and steam are toxic to activity and reduce methanol catalyst life 

(Moulijn et al., 2001). 

By introducing gas - cleaning steps before steam reforming, the negative impacts of 

poisons are taken care of. The movement of atoms and crystals to form agglomerates is 

called sintering, and by increasing the size, it decreases the active surface area. 
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Usually, the working temperature is increased to keep up with the production rate and 

the initial rapid deactivation. This speeds up the deactivation rate of the catalyst and 

disturbs the system's thermal equilibrium. System thermodynamics suggest that 

reactions should be successfully performed at low temperatures and excessive heat well 

removed. Some of the difficulties of this process are higher recycling costs, flat per pass 

conversion, insufficient catalyst selectivity, and scale-up issues (Lovik, 2001). 

2.5.3 The Stoichiometric Figure    

Since synthesis gas for some petrochemicals is a raw material, its composition varies 

accordingly at the reformer's exit. Both CO and CO2 are linked by shift reaction in 

methanol synthesis, so synthesis gas has the same stoichiometry as methanol. The 

stoichiometric figure SF characterizes the composition of the synthesis gas: 

SF = 
H2−CO2

CO+CO2
                                                                                                   Eq. (2.12) 

H2, CO, and CO2 in the synthesis gas refer to their respective concentrations. Make-up 

gas with a stoichiometric number less than 2 means excess carbon oxides relative to H2, 

resulting in increased by-product formation or the need to remove specific fractions of 

CO2 through shift steps. The gas with SF more significant than two would mean the 

hydrogen surplus and the typical steam reforming carbon deficiency. This implies an 

increase in the rate of recycling, resulting in a less efficient and costly plant 

(Tjatjopoulos and Vasalos, 1998). 

Numerous research and studies have been performed on the production of methanol. 

(Bassani et al. 2017) proposed a low-impact, innovative process for the production of 
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methanol, starting with coal gasification and also demonstrated that higher sulfur 

content meant both lower CO2 emissions and excess production of methanol.  

Aspen HYSYS was used in the research for the simulation of the entire process except 

for the coal gasifier simulated with GASDS. A proposed acid gas technology AG2STM 

increased the total amount of methanol by 1.7 percent, as this technology deals not only 

with the conversion of carbon dioxide but also with the generation of additional syngas 

compared with the old gasification process.  

If further work is being done, the AG2STM technology can significantly increase the 

stream flow rate, drastically reduce H2S and CO2 emissions, and greatly facilitate the 

recovery of syngas, the basis of methanol production.   

(Zhang et al., 2013) Examined the simulation and optimization of the production 

processes of methanol combined with tri-reforming. In the research, lower conversions 

of CH4 and CO2 were due to high reactor pressure while higher CO and H2 production 

were caused by relatively low pressure. The optimum reaction conditions were 

observed at 850ºC, a pressure of 1atm and a CH4/flue gas ratio of 0.4 due to 99 percent 

CO2 conversion.  

(Nian and You, 2013) Analyzed the development of a methanol plant with a capacity 

of 50,000 MT/yr from 31,000 MT/yr and 90 percent methane feedstock, which would 

assume a plant life of ten years and operating 8,000 hours per annum. Its main aim was 

to minimize CO2 emissions through the use of biogas as feed and the study of alternative 

carbon capture opportunities.  
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Various options have been explored for biogas feed, including maize silage and maize 

grains, wastewater (slaughterhouse), chicken droppings and preheated wheat straw. 

Different options, such as absorption (MEA), adsorption, membrane separation, and 

cryogenic distillation, were carried out for carbon purification technologies.  

However, optimal methanol profit increased with a lower temperature and higher steam 

to carbon ratio in methanol synthesis. As a result, preheated wheat straw yielded the 

highest net present value and a considerably lower carbon level in comparison with 

other options, and absorption using mono-ethanol amines (MEA) was the technology 

most suitable for capturing CO2 emissions from methanol plants.  

(Dave and Foulds, 1995) Investigated the partial catalytic oxidation and steam 

reforming of natural gas methanol production. The research showed that at low 

pressure, the conversion and quality of the syngas improved and that low adiabatic 

temperature across the reactor increased. The overall effect of increasing the catalytic 

partial oxidation reactor pressure thus reduced the energy produced for the whole plant 

by a ton of methanol. 

Moreover, increasing the oxygen-to-carbon ratio led to an increase in the conversion 

and the temperature of the reactor outlet. Since the increased conversion of natural gas 

reduced the gas compression and methanol refining load, the total net energy 

consumption per ton of methanol decreased. This decrease, however, was less 

pronounced at ratios of oxygen to carbon above 0.55.  

Steam flow rate increases had a moderate impact on the reactor's increase in adiabatic 

temperature and an adverse effect on conversion. However, the CO2 concentration in 
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the syngas was observed to increase beyond the limits of the industrial synthesis 

catalysts by excessive steam-to-carbon ratios.  

They concluded that the partial catalytic oxidization reactor should operate at low 

pressure to improve gas conversion and the quality of syngas. Pressure increases lead 

to conversion and low-quality syngas. Increased reactor temperature, however, corrects 

this. Steam to carbon should be kept to a minimum to minimize overall energy demand.  

 (De Maria et al., 2013) Focused on the kinetic modeling of an industrial methanol 

plant, focusing on changes in molar flow rates. They reported a decrease in the 

composition and an increase in the reactors' methanol concentration due to the high 

calculated heat transfer coefficient, the temperature and pressure drop were rapidly 

increased, and therefore the effect of selecting a kinetic model over both temperature 

and pressure profiles was considered insignificant.  

(Luyben, 2010) In his study, he was interested in the design of a system of three gas 

streams for the production of synthesized gas high-purity methanol. Several parameters 

were studied before the methanol reactor was designed. The process of improving 

conversion and decreasing recycling results in low reactor temperature. A low 

temperature of the reactor also produced valuable high pressures for compressors. This 

high pressure has been observed in support of methanol production due to the increase 

in partial reactant pressures. The output of methanol depended on reactor size, which 

improved the methanol output by increasing the reactor size.  

With the increased CO2 in the synthesis gas feed, hydrogen was quickly consumed, 

leading to hydrogen shortages. The pressure increased as carbon monoxide, and carbon 
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dioxide was not consumed. A high-pressure override controller is, therefore, necessary 

to deal with imbalances in the stoichiometry of reactants in the gas feed synthesis.  

(Kralj and Kralj, 2010) Compared the natural gas and biogas methanol production under 

the same operating conditions using the same mass inlet flow rate. This was simulated 

with real chemical thermodynamics by the Aspen Plus simulator. Aspen Plus aimed to 

determine the temperature and pressure effects on the conversion of syngas. In this 

study, RGIBBS was the reactor used for the gas reaction synthesis.  

They concluded that the overall methanol mass flow rates from biogas were identical 

to that from the overall natural gas methanol mass, although, with processed operational 

and parametric modification using nonlinear (NLP) programming, the production of 

methanol from biogas would increase by 9.7 percent.  

(Ray et al., 2015) Focused on the design of a Grade AA grade methanol (99.85% 

methanol, 0.1% water) production plant with a production capacity of 5000 metric tons 

a day. They have observed that the synthesis of methanol occurs at high pressure in 

contrast with the synthesis of syngas.  

Two reactors were used in the design of the Axial Radial Converter (ARC) methanol 

plants while the other was the Tube Cooled Converter (TCC). In comparison with ARC, 

TCC used only one reactor, requiring two reactors, operated at higher temperatures, 

used less CO2 and had less fuel syngas. TCC was considered to be better suited after an 

in-depth comparison because of its higher profit margin and minimized waste. 
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 2.6 Life Cycle Assessment Study 

The life cycle assessment is a methodology that estimates the environmental effects of 

each phase of the life (cradle to grave) of the product and allows quantitative estimation 

of environmental impacts at every stage of the life of the product. 

It includes impacts such as extraction of the raw material, materials transport, and 

product disposal. The life cycle assessment provides a great picture of the various 

environmental aspects of the product or process and a better image of the actual product 

or process, and an accurate description of true ecological impacts in the selection of 

products and processes to support decision-making (Azapagic, 1999; Theodosiou et al., 

2005).  

The term 'life cycle' refers to the major activities during the life of a product, from the 

manufacture, use, and maintenance of a product, to its final disposal, including the 

acquisition of raw materials for the product's production. 

The International Standards for Life Cycle Assessment are outlined in ISO 14040 and 

14044. The four stages of the LCA are listed below as per ISO 14040 (Reno et al. 2011): 

 Objective and scope definition; 

 Life cycle inventory (LCI); 

 Life cycle impact assessment (LCIA); 

 Interpretation. 

The objective and scope phase requires you to identify the product, to establish the 

process boundaries, and to determine the environmental effects to be examined.  
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The inventory stage of the life cycle is the phase in which the energy, water, and 

material use, together with environmental releases are calculated. These data are 

analyzed during impact assessment and into direct potential ecological and human 

effects (e.g., NOx compounds released generate acid rain that acidifies creeks, which 

lead to the loss of large fishes).  

The results of the inventory analysis are assessed in the final phase, and a decision can 

be taken based on the product's environmental impact. The uncertainty of the report is 

also being tackled at this time. Change in an evaluation of the life cycle is based on the 

assumption of the impact assessment phase's scope, data, and characterization factors 

(EPA, 2006; Assen et al., 2014).  

There is excellent availability of software available for life cycle evaluations. In 

general, the software contains large databases that facilitate the application of life cycle 

assessment. Commercial software includes Simapro, GaBi, and Umberto, but not 

limited to them.  

Open-source software including open-LCA, CMLCA from Leiden University, and 

Brightway is also available. (Assen et al., 2014).  

Many relevant studies on the life cycle assessment have been carried out, some of which 

are described in succeeding paragraphs, evaluating the replacement of traditional 

processes with renewable energy processes. 

(Reno et al., 2011) Studied the life cycle assessment of using sugar cane bagasse for 

methanol production. During their work, they concluded that using sugar cane bagasse 
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for methanol production is a viable alternative to replace the amount of natural gas 

fossil methanol obtained.  

(Li et al., 2018) studied, by using the Gabi software CML 2001 method, the life cycle 

assessment and economic analysis of the methanol production from coke oil gas 

compared to coal and gas routes, concluded that the coke oven gas route had less impact 

than the coal route for all selected environmental categories.  

(Koroneos et al., 2004) studied the life cycle evaluation of the processes of producing 

hydrogen fuel and concluded the wind, hydropower, and solar thermal energy use as 

the most eco-friendly method among the systems examined for the production of 

hydrogen. 

 

 

 

 

 

 

 

 

 

 

 



 

40 
 

CHAPTER THREE       

                                                       PLANT DESIGN  

3.1      Introduction 

This chapter describes in detail, the methodology followed for developing the 

simulation.  

The process design for the base and new case was done using Aspen HYSYS. Aspen 

HYSYS is a simulation software developed by Aspentech; it is essential in the chemical 

and processing industries because of the following reasons: 

 It makes our work easier and faster; 

 It helps us to analyze real-life scenarios by enabling real-time variation of 

thermodynamic properties; 

 It allows us to make pricing and cost estimates. 

3.2 The Base Case 

The base case simulation was adopted from (Arthur, T. 2010). The methanol production 

process consisted of pre-reforming, auto-thermal reforming, separation process, 

compression, and methanol synthesis. A detailed description of the entire process has 

been discussed elsewhere (Arthur, T. 2010). The natural gas feed composition used in 

the simulation by (Arthur, T. 2010) is given below.  
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    Table 2: The Natural Gas Feed Composition (Arthur, T. 2010) 

Natural Gas Composition Mole Fractions 

Methane 0.9550 

Nitrogen 0.0060 

Ethane 0.0300 

Propane 0.0050 

n-Butane 0.0040 

For this process, the 1kg/h natural gas produced 1.58kg/h methanol. 
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Figure 5: The Simplified Methanol Process Flow Diagram Base Case
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Figure 5: The Aspen HYSYS Methanol Process Flow Diagram Base Case.  

3.3 The Novel Case 

The new case simulation was developed to investigate the possibility of using biogas 

produced from landfills for methanol production. The dry reforming reaction, in this 

case, was combined with partial oxidation to produce the desired ratio required for 

methanol synthesis. 

Table 3: The Biogas Feed Composition (Chen et al., 2015) 

Component Agricultural 

Wastes 

Landfills Industrial Wastes 

Methane (CH4) 50-80 50-80 50-70 

Water (H2O) Saturation Saturation Saturation 

Carbon Monoxide 

(CO) 

0-1 0-1 0-1 

Carbon IV Oxide 

(CO2) 

30-50 20-50 30-50 

Nitrogen (N2) 0-1 0-3 0-1 

Oxygen (O2) 0-1 0-1 0-1 

Hydrogen 

Sulphide (H2S) 

0.70 0.10 0.80 

Ammonia (NH3) Traces Traces Traces 

Siloxanes Traces Traces Traces 

Hydrogen (H2) 0-2 0-5 0-2 

 

3.3.1    The Novel Case – Process Description 

The simulation starts by inputting the feed components into the component list, then 

selecting an appropriate fluid package. In this study, the Soave-Redlich-Kwong (SRK) 

fluid package was chosen. 
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The next step was selecting the appropriate reactions used in the Gibbs and plug flow 

reactors. The reaction Eq. 2.6, 2.7, 2.2, 2.9, and 2.10 were used for the reforming, water 

gas shift reaction, and the methanol synthesis reaction. 

The biogas feed, water, and air are fed into the process, and two streams of air are fed 

into the fired heater. The air is heated to 1900ºC; this is to ensure that it provides 

adequate heat for the biogas feed to meet the appropriate reaction temperatures for the 

reforming process. 

The biogas feed and hot air now pass through a mixer, resulting in a high feed 

temperature of biogas. Also, to reduce the mass flow, avoid larger equipment sizes, and 

ensure process stability, a hypothetical component splitter is used to remove the inert 

nitrogen gas from the system; the remaining gases are fed into two Gibbs reactors for 

the dry reforming reaction and the partial oxidation reaction. After the partial oxidation 

reaction, the synthesis gas mixes with water and is fed into a plug flow reactor for the 

Water-Gas Shift Reaction (WGSR). The plug flow reactor is combined with a 

component splitter to imitate a membrane reactor. The splitting ratio and kinetics of the 

WGSR have been discussed elsewhere (Oluku, et al., 2015).  

After the WGSR, the synthesis gas is compressed to 7698kPa, and the temperature of 

the synthesis gas is reduced to 270ºC with process heat exchangers to prepare the 

synthesis gas for the appropriate conditions for the methanol synthesis reaction in the 

plug flow reactor. 

The kinetics of the methanol synthesis reaction has been discussed elsewhere (Luyben, 

2010). After the reaction, the fluid is cooled to 20ºC, and it passes through a separator 
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to separate methanol and water from the gases. Some of the unreacted gases are 

recycled back into the process to improve conversion while the excess gases primarily 

containing oxygen and carbon monoxide is discharged from the process as off-gas to 

prevent excessive recycle accumulation. 

Two distillation columns are used, the first distillation column is to remove light ends 

(dissolved gases), and the other is used to separate methanol and water. High purity 

grade methanol is produced 99.9 wt.% and is recovered as the overhead product and 

sent to the storage facility. 

For this process, the 1kg/h biogas produced 0.98kg/h methanol. 
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Figure 7: The Simplified Methanol Process Flow Diagram Novel Case
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Figure 6: The Aspen HYSYS Methanol Process Flow Diagram Novel Case. 

3.4 Parametric Sensitivity Analysis 

The following parameters in the table below are used to conduct the sensitivity analysis 

for the methanol synthesis reaction in the novel case. 

Table 4: Parameters used in the Sensitivity Analysis (Methanol Synthesis) 

Independent Parameters 

Temperature 

Pressure 

Dependent Parameters 

Methanol 

The temperature is varied in the methanol synthesis reaction from 50ºC to 250ºC, with 

the pressure held constant at 7698kPa, and the pressure is varied from 1,000kPa to 

7000kPa, with the temperature kept steady at 250 ºC. 

Table 5: Data Values for the Sensitivity Analysis of the Effect of Temperature on the 

Methanol Synthesis Reaction from the Novel Case 

Temperature (ºC) Mole Fraction of Methanol 

50 0.0021 

100 0.0082 

150 0.0271 

200 0.0654 

250 0.1256 
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Figure 7: The Effect of Temperature on the Methanol Produced from the Methanol 

Synthesis Reaction from the Novel Process. 

Table 6: Data Values for the Sensitivity Analysis of the Effect of Pressure on the 

Methanol Synthesis Reaction from the Novel Case 

Pressure (kPa) Mole Fraction of Methanol 

1000 0.0005 

2000 0.0015 

3000 0.0047 

4000 0.0113 

5000 0.0237 

6000 0.0467 

7000 0.0913 
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Figure 8: The Effect of Pressure on the Methanol Produced from the Methanol 

Synthesis Reaction from the Novel Process. 

These results validate work done in the literature by (Ayodele and Chang 2015); 

(Gopaul and Dutta 2015; Luyben 2010). 

These results can be explained with Le Chatelier’s principle which explains that if an 

external constraint, like a change in temperature, changes in pressure or change in 

concentration is enacted on a chemical system in equilibrium; the equilibrium position 

will shift to annul the effect of the external constraint. In synthesis gas reforming 

reaction, the number of moles increases because of the chemical reaction.  
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Increasing the pressure of the system will cause the equilibrium to shift towards the 

reactants (fewer total moles in the system). Hence, the reforming is favored at medium 

pressures. 

This is the reverse, however, in methanol synthesis because the total number of moles 

decreases because of the chemical reaction. Increasing the pressure of the system shifts 

the equilibrium position towards the formation of the products. This is the reason why 

methanol synthesis is performed at high pressures. 

Increasing the temperature in the reforming reaction favors the formation of the 

product; therefore, they are done at elevated temperatures. 

This is the reverse in methanol synthesis because methanol synthesis is exothermic. 

Methanol synthesis is performed at a low to moderate temperature that leads to 

favorable kinetics and favorable equilibrium product composition. 
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                                                                  CHAPTER FOUR       

                          SHELL AND TUBE HEAT EXCHANGER DESIGN  

4.1      Introduction 

This chapter discusses the preliminary design of the two heat exchangers used in the 

new process.                                                                                                                                                                

The design process consisted of the following main steps: 

 Determine the log mean temperature difference; 

 Apply a correction factor to the calculated log mean temperature difference; 

 Determine the heat-transfer area. 

4.2 Heat-Exchanger E-106 

The Heat Capacity of the Synthesis Gas = 2.37kJ/kgºC 

The Mass Flow Rate of the Synthesis Gas = 380,100kg/h 

The Heat Load = Mass Flow Rate of the Synthesis gas × 

                             Heat Capacity of the Synthesis gas (T1 − T2)                      Eq. (4.1) 

Where T1 = Hot fluid temperature inlet = 820.1ºC 

Where T2 = Hot fluid temperature outlet = 270 ºC 

                          =
 380100

3600
× 2.37(820.1 − 270) = 137,652kW 

Heat Capacity of Water = 4.2kJ/kgºC 

Cooling Water Flow = 
Heat load

Heat Capacity Water (t2−t1)
                                                Eq. (4.2) 

Where t1= Hot fluid temperature inlet 

Where t2= Cold fluid temperature outlet 

                        = 
137,652

4.2(296−99)
 = 166.37kg/s 
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ΔTm = 
(T1−t2)−(T2−t1)

ln 
(T1−t2)

(T2−t1)

                                                                                           Eq. (4.3) 

Where ΔTm = Log mean temperature difference 

          = 
(820.1−296)−(270−99)

ln 
820.1−296

270−99

 = 315.3ºC 

Shell Type = E-one pass shell 

Rear End Head Type = M-bonnet 

Front End Head Type = B-bonnet bolted or integral with tubesheet 

Using one shell pass and two tube passes: 

R = 
(T1−T2)

(t2−t1)
                                                                                                          Eq. (4.4) 

S = 
(t2−t1)

(T1−t1)
                                                                                                           Eq. (4.5) 

The temperature correction factor Ft= 0.85 

Applying the correction factor to allow for the departure from true countercurrent flow: 

ΔTm = 0.85 × 315.3ºC = 268ºC 

Q = UAΔTm                                                                                                          Eq. (4.6) 

Where Q = Heat transferred per unit time, W; 

           U = The overall heat-transfer coefficient, W/m2 ºC; 

           A = Heat-transfer area, m2 

            ΔTm = Log mean temperature difference, ºC 

Taking the overall heat transfer coefficient U= 500W/m2ºC 

A = Heat-transfer area, m2 = 
Q

UΔTm
 = 

137652 ×1000 

500 ×268 
 = 1027m2 
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4.3 Heat-Exchanger E-103 

The Heat Capacity of the Synthesis Gas = 2.09kJ/kgºC 

The Mass Flow Rate of the Synthesis Gas = 380,100kg/h 

The Heat Load = Mass Flow Rate of the Synthesis gas × 

                             Heat Capacity of the Synthesis gas (T1 − T2)                      Eq. (4.1) 

Where T1 = Hot fluid temperature inlet = 460.7ºC 

Where T2 = Hot fluid temperature outlet = 175 ºC 

                          =
 380100

3600
× 2.09(460.7 − 175) = 63,075kW 

Heat Capacity of Water = 4.2kJ/kgºC 

Cooling Water Flow = 
Heat load

Heat Capacity Water (t2−t1)
                                                Eq. (4.2) 

Where t1= Hot fluid temperature inlet 

Where t2= Cold fluid temperature outlet 

                        = 
63,075

4.2(188−30)
 = 95.05kg/s 

ΔTm = 
(T1−t2)−(T2−t1)

ln 
(T1−t2)

(T2−t1)

                                                                                           Eq. (4.3) 

Where ΔTm = Log mean temperature difference 

          = 
(460.7−187.9)−(175−30.49)

ln 
460.7−187.9

175−30.49

 = 201.91ºC 

Shell Type = E-one pass shell 

Rear End Head Type = M-bonnet 

Front End Head Type = B-bonnet bolted or integral with tubesheet 

Using one shell pass and two tube passes: 

R = 
(T1−T2)

(t2−t1)
                                                                                                          Eq. (4.4) 
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S = 
(t2−t1)

(T1−t1)
                                                                                                           Eq. (4.5) 

The temperature correction factor Ft= 0.85 

Applying the correction factor to allow for the departure from true countercurrent flow: 

ΔTm = 0.85 × 201.91ºC = 171.62ºC 

Q = UAΔTm                                                                                                          Eq. (4.6) 

Where Q = Heat transferred per unit time, W; 

           U = The overall heat-transfer coefficient, W/m2 ºC; 

           A = Heat-transfer area, m2 

            ΔTm = Log mean temperature difference, ºC 

Taking the overall heat transfer coefficient U= 500W/m2ºC 

A = Heat-transfer area, m2 = 
Q

UΔTm
 = 

63075 ×1000 

500 ×171.62 
 = 735.1m2 
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CHAPTER FIVE 

TECHNO-ECONOMIC ANALYSIS 

5.1      Introduction 

This chapter describes in detail, the preliminary techno-economic study, and analysis 

for the novel process. 

The cost of the equipment required for any process plant impacts capital and operating 

costs significantly. There are four primary methods of estimating capital costs 

(CAPEX) (Turton et al., 2012; Towler and Sinott 2012; Coupler at al., 2012). 

The first and most precise method is to get equipment costs directly from the supplier 

or original manufacturer of equipment (OEM). This is very hard to get and requires an 

intensive design of the equipment. 

The second and next reliable way is to use the actual equipment costs acquired in 

previous or past years. In this case, the published company reports can serve as a 

reference to the value of the equipment. 

The third method is to use the capital cost of the entire process plant built in 

previous years and then apply the six - tenth rule. 

The fourth method is to use graphs and cost correlations available in the published 

literature for several types of equipment.  

(Turton et al., 2012; Towler and Sinott 2012; Coupler at al., 2012). 
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5.2 Capital Expenditure (CAPEX) Estimation 

This study employed the third method to calculate the capital cost of the novel process. 

The capital cost of a typical methanol plant owned by Valero Energy, and located in  

St. Charles, LA with a capacity of 1.6MMTPY was estimated to cost US$0.7Billion in 

2016 (Gulf Publishing, 2019). 

For historical cost estimation, the six-tenths rule is used: 

The capital cost of the present plant = Capital cost of existing plant x                                              

(
New Plant Capacity

Existing Plant Capacity
)n                                                                                                     Eq. (5.1) 

‘n’ is the cost exponent for the capacity correlation.  The cost exponent of equipment 

are usually from 0.3 to 0.84 (Perry and Green, 2007), but in this study, it was taken to 

be 0.6, which is known as the six-tenth rule. 

Also, to account for inflation, the following relationship is used. 

Ci

Cr
 =   (

Ii

Ir
)                                                                                                          Eq. (5.2) 

Where ‘I’ is the inflation or cost escalation factor based on the Chemical Engineering 

Plant Cost Index (CEPCI).  Ir is the CEPCI of the reference year while Ii is that of the 

desired year. Ci is the cost of the desired year, while Cr is the cost of the reference year. 

(Turton et al., 2018) provided the CEPCI 542 for the year 2016 that was used in this 

study, while CEPCI 581 for the year 2018 was provided by (Chemical Engineering, 

2018).  



 

59 
 

Ci is the cost of the desired year, while Cr is the cost of the reference year. 

The capacity of the methanol plant in this study was calculated using the relationship 

below. 

Yearly Capacity =  

Mass Flow Rate of Produced Methanol × Yearly Plant Operation Hours       Eq. (5.3) 

Mass Flow Rate of Produced Methanol = 91314.82kg/h 

Yearly Plant Operation (hours) = 8000 

 = 91314.82 × 8000 = 730,518,560 = 0.73MMTPY 

Applying the Eq. (5.1), the capital cost is calculated as: 

700,000,000 x (
0.73

1.6
)0.6 

= US$437,139,213. 

The calculation is adjusted for inflation, and the present capital cost of the plant is 

calculated as: 

437,139,213 x 581

542
 =US$468,593,879 

5.3 Fixed Operating Cost (FOC) 

The following table obtained from (Turton et al., 2018) shows the indices for 

calculating the methanol plant's fixed operating cost (US$/year). The operating cost 

was calculated based on the reported procedure (Turton et al., 2018). The estimated 
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number of operators is 16 operators, and this study used the annual salary of US$ 50,000 

for an operator. 

Table 7: Parameters for Calculating the Fixed Operating Cost (FOC) 

Local taxes and insurance 2% of Fixed Capital Investment 

Maintenance (M) 5% of Fixed Capital Investment 

Operating supplies 0.9% of Fixed Capital Investment 

Operating Labour (OL)  

Laboratory costs 15% of Operating Labour 

Supervision (S) 20% of Operating Labour 

Plant overhead costs (70.8% of OL) + 3.6% of FCI 

Administration costs (17.7% of OL) + 0.9% of FCI 

The general plant overhead includes corporate overheads, research and development 

costs, finance sales expense, etc. The fixed capital investment (FCI) is the annualized 

total plant cost (TPC). 

5.4 Variable Operating Cost (VOC) 

The VOC is the annual sum of the electrical energy cost for the compressors and pumps; 

cooling water cost for the coolers, cost of steam for the heaters and reboilers and the 

cost of the raw material (Biogas). 

The cost of cooling water used in this study was US$0.013/tonne (Nwaoha et al., 2018). 

The cost of the process water (demineralized water) was US$1.13/tonne H2O (Nwaoha 

et al., 2018). However, as part of a sustainability initiative, an agreement was made 

with a nearby water-treatment plant to supply the waste used from the process and get 

a discount of 80% on the demineralized water. The unit cost of electrical energy and 

steam was given as US$18.72/GJ and US$4.77/GJ (Turton et al., 2018), and the cost of 

biogas was taken as US$0.10/kg (FAO, 2014). 
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The selling price of methanol used in this study was US$0.432/kg (Methanex, 2019) 

5.5 Total Operating Cost (TOC) 

The total operating cost is the sum of the fixed operating cost and the variable operating 

cost. 

Total Operating Cost = US$8,241,510.07+ US$164,048,767 = US$172,290,277 

5.6 Total Plant Cost (TPC) 

The total plant cost is the total capital cost plus the working capital (Nwaoha et al., 

2018). 

The working capital was estimated in this study as 25% of the Total Capital Cost. 

Total Plant Cost =US $468,593,879 + US$117,148,469 = US$585,742,348 

In calculating the CAPEX and TOC (US$/year), the CAPEX is converted to a constant 

annual payment series (CAPEX annual, US$/year) throughout the project lifespan and the 

total yearly cost (TAC, US$/year) is the CAPEX annual + TOC. 

CAPEX annual = CAPEX [ 
(i(1+i)n

(1+i)n−1
 ]                                                                    Eq. (5.4) 

CAPEX annual = 468,593,879 (
(8%(1+8%)30

(1+8%)30−1
) = US$41,635,548.85  

FCI = US$ 52,044,436.06                                   
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5.7 Capital Cost Allowance (CCA) 

The Capital Cost Allowance is used by businesses in Canada to claim depreciation 

expense for computing their taxable revenue under the Revenue Tax Act. 

TAC = CAPEX annual + TOC                                                                               Eq. (5.5) 

TAC = US$41,635,548.85 + US$172,290,277 = US$213,925,825 

Where ‘n’ is the lifetime of the project (30years) and ‘i’ is the discount rate (8%) 

5.8 Production Cost (TPC) 

The production cost is the   
 Total Annual Cost

The capacity of the Plant
                                              Eq. (5.6) 

Production cost = 
213,925,825

730,518,560
 = US$0.293/kg of produced methanol. 

5.9 Economic Constraint (EC) 

The economic constraint is the 
Total Annual Cost

Annual Revenue
                                                  Eq. (5.7) 

Economic constraint =  
213,925,825

315,290,880
 = 0.68 

The economic constraint (EC) for a successful process should be less than 1. This shows 

a more feasible operation with the opportunity to accommodate an additional cost. 
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Table 8: Calculated Values for the Fixed Operating Cost (US$)/Annum 

 

 

 

 

Table 9: Calculated Values for the Variable Cost (US$)/Annum 

Cooling water 6,626,183 

Demineralized water 1,089,188 

Electricity 26,161,574 

Steam 55,675,822 

Biogas 74,496,000 

Total 164,048,767 

 

5.10 Cash Flow Analysis 

The cash flow analysis for the novel process was developed based on this scenario. 

The capital cost of the plant is US$468,593,879, and the plant has a 30-year service life. 

The salvage value of the plant is US$90,000,000 in today’s dollars. The plant will 

generate annual revenue from the sale of methanol amounting to US$315,290,880 in 

today’s dollars, and the plant will have a yearly expense, excluding CCA 

US$172,290,277 (today’s dollars). 

The plant is classified as Class 43, with a Capital Cost Allowance (CCA) of 30%. Class 

43 refers to appropriate equipment used in the manufacturing and processing of goods. 

Local taxes and insurance 1,040,888.72 

Maintenance (M) 2,602,221.80 

Operating supplies 468,399.92 

Laboratory costs 120,000.00 

Supervision (S) 160,000.00 

Plant overhead costs 2,439,999.70 

Administration costs 609,999.92 

Operating labor 800,000.00 

Total 8,241,510.07  
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The plant will require a working capital investment of US$117,148,469 at year 0. The 

tax rate for the plant is 30%, and the plants market interest rate is 15%. 
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Income Statement 0 1 2 3 4 

Revenues  $315,290,880 

 

$315,290,880 

 

$315,290,88 

 

$315,290,880 

 

Expenses      

TOC  $172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

CCA  $70,289,081.9  

 

$119,491,439 $83,644.007 $58,550,805 

      

Taxable Income  $72,711,512.15 $23,509,163.86 $59,356,595.6 $84,449,797.82 

Tax rate (30%)  $21,813,456.30 $7,052,749.20 $17,806,978.7 $25,334,939.30 

      

Net Income  $50,898,064.81 $16,456,414.70 $41,549,616.9 $59,114,858.47 

      

Cash Flow Statement      

Operating Activities      

Net Income  $50,898,064.81 $16,456,414.70 $41,549,616.9 $59,114,858.47 

CCA  $70,289,081.9  

 

$119,491,439 $83,644.007 $58,550,805 

      

Investment Activities -$468,593,879     

Investment      

Disposable Tax Effect      

Salvage      

Working Capital -$117,148,469     

NCF (in actual dollars) -$585,742,348 $121,187,144.6 $135,947,853.8 $125,193,624.3 $117,665,663.65 

      

IRR 20%     

NPV 15% $161,842,478.3    

Payback Period     4.76years 
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Income Statement 5 6 7 8 9 

Revenues $315,290,880 $315,290,880 

 

$315,290,880 

 

$315,290,88 

 

$315,290,880 

 

Expenses      

TOC $172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

CCA $40,985,563.6 $28,689,894.50 

 

$20,082,926.20 $14,058,048.30 $9,840,633.80 

      

Taxable Income $102,015,039 $114,310,708.5 $122,917,676.8 $128,942,554.68 $133,159,969.17 

Tax rate (30%) $30,604,511.8 $34,293,212.50 $7,052,749.20 $17,806,978.7 $25,334,939.30 

      

Net Income $71,410,527.5 $80,017,495.92 $86,042,373.78 $90,259,788.27 $93,211,978.42 

      

Cash Flow Statement      

Operating Activities      

Net Income $71,410,527.5 $80,017,495.92 $86,042,373.78 $90,259,788.27 $93,211,978.42 

CCA $40,985,563.6 $28,689,894.50 

 

$20,082,926.20 $14,058,048.30 $9,840,633.80 

      

Investment Activities      

Investment      

Disposable Tax Effect      

Salvage      

Working Capital      

NCF (in actual dollars) $112,396,091 $108,707,390 $106,125,299.9 $104,317,836.60 $103,052,612.25 

      

IRR      

NPV      

Payback Period      
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Income Statement 10 11 12 13 14 

Revenues $315,290,880 $315,290,880 

 

$315,290,880 

 

$315,290,88 

 

$315,290,880 

 

Expenses      

TOC $172,290,277 $172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

CCA $6,888,443.70 $4,821,910.60  

 

$3,375,337.40 $2,362,736.20 $1,653,915.30 

      

Taxable Income $136,112,159 $138,178,692.4 $139,625,265.6 $140,637,866.82 $141,346,687.67 

Tax rate (30%) $40,833,647.8 $41,453,607.70 $41,887,579.70 $42,191,360 $42,404,006 

      

Net Income $95,278,511.5 $96,725,084.70 $97,737,685.92 $98,446,506.77 $98,942,681.37 

      

Cash Flow Statement      

Operating Activities      

Net Income $95,278,511.5 $96,725,084.70 $97,737,685.92 $98,446,506.77 $98,942,681.37 

CCA $6,888,443.7 $4,821,910.60 

 

$3,375,337.40 $2,362,736.20 $1,653,915.30 

      

Investment Activities      

Investment      

Disposable Tax Effect      

Salvage      

Working Capital      

NCF (in actual dollars) $102,166,955 $101,546,995.3 $101,113,023.3 $100,809,242.95 $100,596,596.70 

      

IRR      

NPV      

Payback Period      
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Income Statement 15 16 17 18 19 

Revenues $315,290,880 $315,290,880 

 

$315,290,880 

 

$315,290,88 

 

$315,290,880 

 

Expenses      

TOC $172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

CCA $1,157,740.7 $810,418.50 

 

$567,293 $397,105 $277,973 

      

Taxable Income $142,842,862 $142,190,184 $142,433,310 $142,603,497.93 $142,722,629.45 

Tax rate (30%) $42,552,858.7 $42,657,055.30 $42,729,993 $42,781,049.40 $42,816,788.80 

      

Net Income $99,290,003 $99,533,129.14 $99,703,317.03 $99,822,448.55 $99,905,840.62 

      

Cash Flow Statement      

Operating Activities      

Net Income $99,290,003 $99,533,129.14 $99,703,317.03 $99,822,488.55 $99,905,840.62 

CCA $1,157,740.70 $810,418.50 

 

$567,293.00 $397,105.10 $277,973.50 

      

Investment Activities      

Investment      

Disposable Tax Effect      

Salvage      

Working Capital      

NCF (in actual dollars) $100,447,744 $100,343,547 $100,270,609 $100,219,553.62 $103,183,814 

      

IRR      

NPV      

Payback Period      



 

                                                                                                          69   
 

Income Statement 20 21 22 23 24 

Revenues $315,290,880 

 

$315,290,880 

 

$315,290,880 

 

$315,290,88 

 

$315,290,880 

 

Expenses      

TOC $172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

CCA $194.581.50 $136,207.00 

 

$95,344.90 $66,741.40 $46,719.00 

      

Taxable Income $142,806,021 $142,864,395 $142,905,258 $142,933,861 $142,953,833.99 

Tax rate (30%) $42,841,806.5 $42,859,318 $42,871,577.40 $42,880,158.50 $42,886,165.20 

      

Net Income $99,964,215 $100,005,077 $100,033,680 $100,053,703 $100,067,718.79 

      

Cash Flow Statement      

Operating Activities      

Net Income $99,964,215 $100,005,077 $100,033,680 $100,053,703.09 $100,067,718.79 

CCA $194,581.50 $136,207.00  

 

$95,344.90 $66,741.40 $46,719.00 

      

Investment Activities      

Investment      

Disposable Tax Effect      

Salvage      

Working Capital      

NCF (in actual dollars) $100,158,796 $100,141,284 $100,129,025 $100,120,444.53 $100,114,437.80 

      

IRR      

NPV      

Payback Period       
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Income Statement 25 26 27 28 29 

Revenues $315,290,880 $315,290,880 

 

$315,290,880 

 

$315,290,88 

 

$315,290,880 

 

Expenses      

TOC $172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

$172,290,277 

 

CCA $32,703.30 $22,892.30 

 

$16,024.60 $11,217.20 $7,852.10 

      

Taxable Income $142,967,899 $142,977,710 $142,984,578 $142,989,385 $142,992,750 

Tax rate (30%) $42,890,369.9 $42,893,313.2 $42,895,373.50 $42,896,815.70 $42,897,825.30 

      

Net Income $100,077,529 $100,084,397 $100,089,204 $100,092,570.04 $100,094,925.65 

      

Cash Flow Statement      

Operating Activities      

Net Income $100,077,529 $100,084,397 $100,089,204 $100,092,570.04 $100,094,925.65 

CCA $32,703.30 $22,892.30 

 

$16,024.60 $11,217.20 $7,852.10 

      

Investment Activities      

Investment      

Disposable Tax Effect      

Salvage      

Working Capital      

NCF (in actual dollars) $100,110,233 $100,107,289.8 $100,105,229 $100,103,787.27 $100,102,777.72 

      

IRR      

NPV      

Payback Period      
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Income Statement 30 

Revenues $315,290,880 

Expenses  

TOC $172,290,277 

CCA $5,496.40 

  

Taxable Income $142,995,106.55 

Tax rate (30%) $42,898,532 

  

Net Income $100,096,574.59 

  

Cash Flow Statement  

Operating Activities  

Net Income $100,096,574.59 

CCA $5,496.40 

  

Investment Activities  

Investment  

Disposable Tax Effect -$26,996,152.49 

Salvage $90,000,000 

Working Capital $117,148,469 

NCF (in actual dollars) $280,254,387.55 

  

IRR  

NPV  

Payback Period  

 

Internal Rate of Return = 20% 

Net Present Value = $161,842,478.3 

Payback Period = 4.76years 
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CHAPTER SIX 

LIFE CYCLE ASSESSMENT 

6.1      Introduction 

This chapter explains the “cradle to grave” life cycle assessment of methanol 

production from biogas to identify the environmental benefits and drawbacks.  

The life cycle assessment of clean biogas was also analyzed and presented after 

assessing the disadvantages of the conventional biogas to ensure maximum 

environmental benefit from the process. 

The result of this study provides promising insights for industries and policymakers on 

the sustainable development of methanol production. 

 6.2 Materials and Methods 

The life cycle evaluation study was conducted by using ISO 14040 series (ISO, 2006a; 

ISO, 2006b) which defined four main steps, and the literature review chapter of this 

study already discussed these steps in detail. 

6.3 Goal and Scope Definition 

The justification of this study was to detect the environmental benefits and drawbacks 

of using biogas in methanol production. The comparison unit is 91.2tons/h of methanol 

produced in this study. The choice of modeling systems boundary is critical to the 

results of the life cycle evaluation (Weidema et al., 2018). In general, an attributive 

LCA (ALCA) approach or consequential LCA (CLCA) approach can be applied in a 

study.  
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The significant dissimilarity between the two models is that CLCA intends to describe 

the effect of life cycle changes to reflect the physical and currency losses (Curran et al. 

2005). ALCA is nevertheless seeking to trace a particular aspect of a product to its 

contributing processes in the product system examined using standard cut-off rules and 

assignments (Florentin et al. 2017).  

This study collected data about energy, raw materials, and emissions directly related to 

the production of methanol without any account being taken of changes in physical and 

economic damage. ALCA approach was therefore chosen in this study.  

The system boundary of the production route of methanol was defined as "cradle to 

grave," but the emphasis was placed on the emissions of the product system in the 

simulated process design and the environmental consequence of the raw material 

(biogas). For simplicity, all other factors were excluded from the study. The system 

boundaries for each route are shown in the following figures. 
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   Figure 9: The System Boundary of Methanol Production from Biogas 
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   Figure 10: The System Boundary of Methanol Production from Clean Biogas 

6.4 Life Cycle Impact Assessment Method 

Open LCA 1.7.2 software, and LCA LCIA open method 1.5.7 database has been used 

in this study to conduct the life cycle assessment. CML (baseline) is for the LCA 

evaluation (V.4.4, January 2015). The University of Leiden in the Netherlands 

established the CML method in 2001. It contains over 1700 different flows that you can 

download from their website. 

Several authors have published this concept (Acero et al. 2016). It is divided into a base 

and a non-baseline and is the most common category of impact used for life cycle 

evaluations. The open LCA LCIA 1.5.7 methods are a complete set of environmental 

impact assessment methods to be used with the different nexus system databases. The 
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package includes standardization and weighting to the extent provided by the process 

(GreenDelta, 2019). The categories of impact selected include: 

 Acidification potential 

Acidic gasses such as sulfur dioxide react to the "acid rain," a process known as acid 

deposition, by water in the atmosphere. When this rainfall, often significantly far from 

the original gas source, it causes a varying degree of ecosystem impairment depending 

on the nature of the landscape ecosystems (Acero et al. 2016).  

Ammonia (NH3), nitrogen oxides (NOx) and sulfur oxides (SOx) are gasses that cause 

acid deposition. Acidification potential is expressed using the SO2 kg equivalent 

reference unit (Acero et al., 2016).  

Regional differences in which areas are more or less susceptible to acidification are not 

taken into account in the model. It only accounts for SO2 and NOx acidification. The 

process developed by the Intergovernmental Panel on Climate Change (IPCC) includes 

acidification due to fertilizer utilization (Acero et al., 2016). 

 Climate change – GWP100:  

Climate change is defined as a change in global temperature due to the greenhouse 

effect that human activity produces from the release of "greenhouse gases" (Acero et 

al., 2016).  

The scientific consensus is now reached on the notable effect of an increase in these 

emissions on the environment. It is expected that this increase in global temperature 
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will cause climate disorder, desertification, increased sea levels, and disease spread 

(Acero et al., 2016). 

Climate change is one of the main effects on the environment of economic activity, and 

it is one of the largest in managing. The model for characterizing environmental profiles 

is based on factors developed by the United Nations Intergovernmental Panel on 

Climate Change (IPCC). Global warming potentials are expressed as the most common 

100-year (GWP100), measured in a reference unit of kg CO2 of CO2 equivalent over 

the time horizon of different years (Acero et al. 2016). 

 Depletion of abiotic resources – elements, fossil fuels, ultimate reserves: 

In this case, there are many different sub-impacts to consider. This category of impact 

is a measure of the scarcity of the substance in respect to the consumption of non-

biological resources such as fossil fuels, minerals, metals, water, etc. (Acero et al. 

2016).  

It depends on the number of resources and the rate of extraction. It consists of resources 

that are depleted and measured in antimony equivalents in some models or water use in 

m3, kg of mineral depletion and the MJ of fossil fuels (Acero et al., 2016). 

 Eutrophication – generic: 

Eutrophication is the formation of an abnormal concentration of chemical nutrients in 

an ecosystem. This leads to excessive plant growth like algae in rivers, which leads to 

severe water quality reductions and animal populations. Emissions of ammonia, 

nitrates, oxides of nitrogen, and phosphorus into air or water all affect eutrophication 

(Acero et al., 2016).  
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This category is based on Heijungs' work and is expressed with kg PO43- equivalents, 

the reference unit. The method includes direct and indirect effects of fertilizers. The 

direct impacts are calculated from fertilizer production, and the indirect consequences 

are calculated using the IPCC method to estimate water eutrophication emissions 

(Acero et al., 2016). 

 Freshwater aquatic eco-toxicity 

Triple impact categories that examine freshwater, marine, and land measure 

environmental toxicity. The emission of certain substances, including heavy metals, 

may affect the ecosystem (Acero et al., 2016). 

Toxicity assessment was based on the maximum ecosystem tolerable water 

concentrations. The EUSES toxicity model, the USES-LCA (Acero et al. 2016), 

calculates Ecotoxicity Potentials.  

This provides a way to describe the fate, exposure, and environmental effects of toxic 

substances. (Acero et al., 2016) The unit of reference, kg 1,4-dichlorobenzene 

equivalents (1,4-DB) and the impacts of toxic substances on freshwater aquatic 

ecosystems, marine ecosystems, and land ecosystems shall be characterized separately. 

(Acero et al., 2016). 

 Human toxicity 

The Human Toxicity Potential is a calculated indication that reflects the potential harm 

of a chemical unit released into the environment and is based on the inherent toxicity 

and possible dose of a compound. These by-products, mostly arsenic, sodium 

dichromate, and hydrogen fluoride, are caused mainly by power generation from fossil 

fuels (Acero et al., 2016).  
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These chemicals may be dangerous for humans by inhalation, ingestion, and even 

contact. For example, cancer power here is a problem. This category of effect is 

measured in 1,4-dichlorobenzene equivalents (Acero et al., 2016). 

 Marine aquatic eco-toxicity 

       This only refers to the impacts of toxic substances on marine ecosystems. 

 Ozone layer depletion 

Gasses that deplete the ozone can cause stratospheric or "ozone layer" damage (Acero 

et al., 2016).  The combined effects of different stratosphere gases are highly uncertain, 

and any chlorinated or brominated compound that is satisfactorily unchanging towards 

the stratosphere can have concerns.  

The leading causes of ozone depletion are CFCs, halons, and HCFCs. (Acero et al., 

2016). Destruction to the ozone layer decreases its capacity to avoid ultraviolet light 

from entering the atmosphere of the world by increasing the amount of UVB 

carcinogenic light to the surface of the earth (Acero et al., 2016).  

A World Meteorological Organization (WMO) characterization model defines the 

ozone depletion potential of different gasses about the chlorofluorocarbon-11(CFC-11) 

reference substance, expressed in kg of equivalent CFC-11 (Acero et al. 2016). 

 Photochemical oxidation 

Ozone is protective in the stratosphere, but it is highly toxic to humans on the ground. 

In the presence of heat and sunlight, photochemical ozone, also known as "ground-level 

ozone," is formed by the reaction of the volatile organic compounds and nitrogen oxides 

(Acero et al. 2016). 
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 The category of impact depends mainly upon quantities of carbon monoxide (CO), 

sulfur dioxide (SO2), nitrogen oxide (NO), ammonium, and NMVOC (non-methane 

organic compounds). The United Nations Economic Commission for 22 Europe 

(UNECE) calculates the potential for the production of photochemical ozone in the air 

for air (also referred to as summer smog) and uses the reference unit kg of ethylene 

(C2H4) equivalent. (Acero et al. 2016) 

 Terrestrial Ecotoxicity 

This relates to the impacts of toxic substances on terrestrial ecosystems. 

Table 10: System Boundary Data for Biogas Gas to Methanol Production Process 

Flow names in 

open LCA 1.7.2 

Category Amount Unit 

Inputs    

Electricity, hard 

coal, at the 

power plant. 

Hard-coal/power 

plants 

174.69 GJ 

Steam Energy carriers and 

technologies 

1,459.01 GJ 

Biogas from 

Biomass for 

bioenergy 

Energy carriers and 

technologies 

93,120 KG 

Cooling Water Materials 

production/other 

materials 

6.37E+7 KG 

    

Outputs    

Ammonia Emission to air 

/unspecified 

125.13 KG 

Carbon 

monoxide, non-

fossil 

Emissions to 

air/Inorganic 

emissions to air 

30,281 KG 

Hydrogen Emission to air 

/unspecified 

38.87 KG 

Methanol Materials 

Production/Organic 

Chemicals 

2,160 KG 
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Methanol 

(produced) 

Chemicals/organics 91,230 KG 

Nitrogen Emission to air 

/unspecified 

243,545 KG 

Oxygen Emission to 

air/unspecified 

41,854 KG 

Water  Emission to 

water/ground water 

72,200 KG 

Hydrogen 

Sulphide 

Emission to 

air/inorganic 

emissions to air 

1,358.60 KG 

Table 11: System Boundary Data for Clean Biogas Gas to Methanol Production Process 

Flow names in 

open LCA 1.7.2 

Category Amount Unit 

Inputs    

Electricity, hard 

coal, at the 

power plant. 

Hard-coal/power 

plants 

174.69 GJ 

Cooling Water Materials 

production/other 

materials 

6.37E7 KG 

Steam Energy carriers and 

technologies 

1,459.0 GJ 

Biogas from 

Biomass for 

bioenergy 

Energy carriers and 

technologies 

93,120 KG 

    

Output    

Hydrogen Emission to air 

/unspecified 

38.87 KG 

Methanol Materials 

Production/Organic 

Chemicals 

3,180 KG 

Methanol 

(produced) 

Chemicals/organics 91,232 KG 

Nitrogen Emission to air 

/unspecified 

243,433 KG 

Oxygen Emission to 

air/unspecified 

41,285 KG 

Water  Emission to 

water/ground water 

71,900 KG 
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Carbon 

monoxide, non-

fossil 

Emissions to 

air/Inorganic 

emissions to air 

31,953 KG 

 

6.5 Life Cycle Assessment Analysis 

Table 12: The Life Cycle Impact Assessment Result Summary Biogas to Methanol 

 Ammonia 

Emission to air 

unspecified (kg) 

Nitrogen Emission 

to air unspecified 

(kg) 

Total (±5%) 

Uncertainty 

Eutrophication 

– generic (kg 

PO4 eq.) 

43.79 102,288.91 102,332.71 

 Ammonia 

emission to air 

unspecified (kg) 

  

Acidification 

potential – 

average 

Europe (kg 

SO2 eq.) 

200.20  200.20 

 Ammonia 

emission to air 

unspecified (kg) 

  

Human 

toxicity – (kg 

1,4 – 

dichlorobenzen

e eq.) 

12.51  12.51 

Table 13: The Life Cycle Impact Assessment Result Summary Clean Biogas to 

Methanol. 

 Nitrogen 

emission to air 

unspecified (kg) 

 Total (±5%) 

Uncertainty 

Eutrophication 

– generic (kg 

PO4 eq.) 

102,241.85  102,241.85 
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Figure 11: The Eutrophication – generic (kg PO4 eq.) of the selected process categories. 
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Figure 12:  The Acidification Potential - Average Europe (kg SO2 eq.) of the selected 

process categories. 
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Figure 13: The Human Toxicity Potential HTP (kg 1,4 - dichlorobenzene) of the 

selected process categories. 

The results from the life cycle impact assessment show that for biogas to be a suitable 

renewable energy replacement in methanol production, it has to be cleaned of hydrogen 

sulfide and ammonia to prevent the acidification and human toxicity potential caused 

by those gases.  

Also, the nitrogen separated from the process can be sold for use in another company 

to produce ammonia in the Haber process. This will also significantly reduce the 

eutrophication effect. 
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CHAPTER 7 

CONCLUSION AND RECOMMENDATION 

7.1 Introduction 

The findings from this research are highlighted in this chapter. The inference 

summarises the results and industrial applications of this research. These conclusions 

are determined within the scope of the study carried out. Also, recommendations for 

further studies are suggested.  

7.2 Conclusions 

 The simulation results reveal that biogas can be used as an adequate replacement 

for natural gas in  a large scale synthesis gas and methanol production process; it 

can produce methanol with purity >99%; 

 Fundamental thermodynamic properties (Temperature and Pressure) plays a huge 

influence in synthesis gas conversion and methanol synthesis. For the methanol 

synthesis in this study, the appropriate conditions was a pressure of 7698kpa and a 

temperature of 270ºC. This was consistent with a similar analysis in literature; 

 Sizing heat exchangers is vital in determining the capacity, and this knowledge is 

determined by calculating the heat transfer area, in this study, the heat transfer areas 

for both heat exchangers were calculated as 1027m2 and 735.1m2, respectively. 

 The techno-economic analysis revealed that the cost of biogas and steam were 

determined as the key contributors to the variable cost, while the maintenance and 

overhead plant cost were determined as the key contributors to the fixed operating 

cost. 
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Consequently, the techno-economic analysis investigated a wide range of economic 

parameters and determined the Internal Rate of Return of the process as 20%, Payback 

Period of 4.76years, and Economic Constraint of 0.68. 

 The biogas in the life cycle assessment when sweetened to clean biogas, proved to 

have substantial environmental benefits, as it prevents the potential for acidification 

and human toxicity. 

 The nitrogen gas purged from the process can be sold, to be utilized by industries 

producing ammonia to prevent the potential for eutrophication. 

7.3 Recommendations 

 A vendor’s quote can be used to estimate the capital cost in future studies as it 

gives a more accurate representation; 

 Now that it has been proven, that clean biogas is the golden solution to the 

sustainability in methanol production; further research should be channeled into 

the development of locally available sorbents to clean the produced biogas from 

sulfur and ammonia contaminants; 

 A life cycle assessment taking into account all the procedures and equipment used 

in the biogas production process, the transportation of the biogas produced to the 

process plant, the end life of the process equipment used and the end life of the 

produced methanol should be performed. 
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