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ABSTRACT

Biomethanol, a renewable and sustainable alternative to traditional fossil-fuel-derived methanol, has garnered
considerable attention as a potential solution to mitigate greenhouse gas emissions and dependence on non-renewable
resources. The utilization of biocatalysts in biomethanol production offers a promising avenue to achieve environmentally
friendly and economically viable processes. Paper highlights the biocatalytic pathways involved in biomethanol synthesis.
Particular emphasis is placed on microbial biocatalysts, such as methanogenic archaea and certain bacteria, which possess
the unique capability of converting carbon dioxide and hydrogen into methanol through a series of enzymatic reactions.
Additionally, enzyme-based systems derived from various microorganisms and genetically engineered organisms are also
discussed as potential biocatalysts for biomethanol synthesis. Paper also delves into the current challenges and limitations
faced in harnessing biocatalysts for biomethanol production. These challenges include substrate availability, low
conversion rates, enzyme stability, and process scalability. Several strategies to address these issues are highlighted,
including metabolic engineering, synthetic biology, and bioprocess optimization techniques. The advantages of utilizing
biocatalysts for biomethanol production are outlined. Biocatalytic routes offer the advantage of operating under mild
conditions, which reduces energy consumption and minimizes the production of unwanted by-products. Furthermore, the
utilization of renewable feedstocks, such as carbon dioxide captured from industrial emissions or waste streams, enhances
the sustainability of the process. The final section discusses future prospects and potential research directions in the field
of biocatalytic biomethanol production. Advances in biotechnology, omics technologies, and computational modeling are
poised to accelerate the discovery and optimization of novel biocatalysts, thereby unlocking the full potential of
biomethanol as a sustainable fuel and chemical precursor. The use of biocatalysts for biomethanol production offers an
attractive approach to establish a green and circular economy. With ongoing research and technological advancements,
the field holds significant promise for reducing carbon emissions and transitioning towards a more sustainable energy
landscape. However, to fully realize the potential of biocatalytic biomethanol production, interdisciplinary collaboration
and concerted efforts are required to address existing challenges.
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1. Introduction

There are several ways of methanol production, reported and discussed and these processes use the
different feedstock like agrowastes, forestry residues/wastes and also food/organic wastes derived biogases*?,
These are converted by different biological processes with contribution of methanotrophs microbes.
Methanotroph microbes are different species of bacteria and can function at high temperature conditions!. In
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natural ways in landfills and sewage sites, different nature of organic
wastes are degraded to different forms of simple monomers and also
different acid, alcohol and also gasses. Then the contribution of
methanogen bacteria converts into biogases containing a major fraction
of methane®*l. Due to high demand for biomethanol, now people are
involved in e-Methanol production tasks with better facilities and this
was first discussed by European energy with first installation plants in
Kasso, Aabenraa, and Southern Denmark. In this European energy
innovators claimed green energy development with sustainable fuel
solutionsf®!,

These can be found as strong track records in entire Europe with
with various institutions claiming for wind energy and photovoltaic
(PV) as renewable energy facilities/plants. In Europe, people are
showing their interest in development with the engagement/entering of
companies into e-Methanol markets with claims to apply many
renewable energy technologies!®. These can support e-Methanol
development with production plants at the worldwide level. Several
challenges have been reported in development of e-Methanol
production plants with the sources of renewable energy to power plant
processes®l. This can be an opportunity for finding viable off-take
based on final product prices with little higher than traditional
methanol process. Still, there is no final partner availability that can be
encouraged with sufficient knowledge to make the e-Methanol
production projects successful”®. Some effort in e-Methanol
production is reported with capturing of carbon dioxides from
renewable sources. Few methods are explored with production of
renewable methanol production in more expensive ways than the
traditional methanol synthesis/production. Traditional ways of
methanol are discussed for brown and gray nature via utilization of coal
and natural gasses as non-renewable feedstock®?,

Various analyses were done on cost of fossil fuel based methanol
production and is reported in ranges of $100-$250 per metric-tonnes
(mt) that was given by IREA (International Renewable Energy Agency)
with partnership to Methanol production Institutes. Earlier methanol
cost was estimated to $770/mtl*%. Due to the promotion of renewable
fuels context, current period methanol production of biomethanol was
found to double compared to past few decades. Prediction: In 2050,
total biomethanol production can reach 500 million mt/year with effort
to reduce the production cost™. In the last few years, production
capacity of methanol production with installation of several plants was
reported in Europe. In this regard, nearly 20 MW electrolysis and
synthesis plants were reported for hydrogen and methanol production.
It is collaborating with the Linde industry with European Unions (EUS)
preliminary selection stage for funding. In this effort, nearly 0.2 million
mt/year of renewable methanol production is reported®®. Local
governments in Europe are also provided with promotion and
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investment opportunities. Till this period, there is limited support from current governments that support and
involve in renewable methanol production and it is a big struggle to achieve traction in the global markets.
IMO 2030 (international maritime organization) prediction, there are no details shown for uses of biomethanol
and also no legislation recommendation on its use!*3l,

In context to traditional/conventional mode derived methanol, reduction in carbon dioxide emission can
be only found to 15% while compared to conventional marine fuels. But it can be stored at ambient
temperatures*?. Renewable methanol usage in transportation vehicles is shown with multiple advantages like
reduction in carbon dioxide (CO,) emission up to 65%-95% that was claimed by joint IRENA and also
methanol production agencies. Some challenges are found as lack of fueling infrastructure and it can hold back
the fuel's emergence as an alternative bunker feedstock in S&P global Platts*°%l, In Europe, the current period
is discussed for development of methanol bunkering infrastructure. In this context, double-fuel engines can be
utilized for methanol-based fuels/very low sulphur (S) fuel oils in current vehicle services. Further effort was
shown in methanol consumption with showing competitiveness in Emission control area (ECA) zonel'4l. This
shows the recent increase in prices of conventional bunker fuels. In the current period, biomethanol production
costs are found to $400/mt and it was compared to the cost of traditional modes of synthesized methanol.
Efforts for double fuel engine vessels are found with the opportunity to utilize the methanol fuels and it can
bridge the gap between traditional fuels and renewable fuels(*®l.

Renewable methanol fuel showed multiple advantages like low flammability, high performance and low
carbon emission. Many reports are shown for biomethanol use in fuel cell-powered vehicles with capacity to
degrade it into carbon dioxide and water (in steam form)*4%1, In the case of M85 fuel composition, it is a
mixture of 85% methanol and 15% gasoline and then it can be used in existing vehicles without any technical
modification. Further biomethanol production is achieved via application of gasification and also pyrolysis
processi*®Y71 In the current period, the gasification process is utilized for higher amounts of biomethanol
compared to the pyrolysis process. In the renewable mode of biomethanol production process, several types of
waste biomasses from forage grasses, tree and crop residues are used*®l, Different biomasses are screened in
this context to high biomethanol yield (55%) that was achieved from uses of rice bran. In methanol production
processes efforts, high-temperature conversion of reused-derived fuels is reported with a very promising
processi*> €. Now in recent improvement in temperature conversion process and also uses of multiples
production is reported. It shows good alignment of the on-stream time for the plant's capacity (8400 h
operation/year). Next analysis was done on energy efficiency of various natures including biomethanol and
then methanol efficiency is found to be lower than natural gas-based plants with limited batteriest*l,

Next studies were done on impact on energy cost and greenhouse gas (GHG) emission. And it is
associated with extraction and distribution of fuels including natural gas. Natural gas is shown to be better for
extraction and distribution processes!??l. Efforts are shown in estimation of CO, emission in biomethanol and
it is found to be half compared to CO, emission from waste-to-energy application™®24, This can be found to
be 45% or less compared to methanol from natural gas. Big challenge in the biomethanol commercialization
process is relatively high capital costs. Some reports discussed the key factors that affect the economics of
RDF disposal. Final suggestions were on recommendations for establishing the policy framework with credits
to environmental advantages on biobased methanol or other biobased materialsf??. Policy makers insights is
discussed for methanol uses and production and then biomethanol showed as the most important and versatile
platform chemical for chemical industry?*??, Efforts are also shown for other chemicals like additives for
gasoline, solvents and antifreeze agents and these can be utilized in the biodiesel production process?®22l, This
review explores biomass wastes sources, processes for biomethanol production and also catalysts role in
conversion of biomass into biomethanol with impact to environment.



2. Production of biomethanol

Several efforts for methanol synthesis are discussed and in context to fuels development efforts,
renewable-power assisted CO; capturing process and utilization is explored in detail for methanol production.
This study for methanol synthesis is shown with increased attention in the current period™-??, This is a study
for assessment on the techno-economics of methanol synthesis via capturing the carbon dioxide with
hydrogenation process that can result in renewable hydrogen production with uses of photovoltaic (PV) based
electrolysis. This process can use CO; that originated from natural gas field processing. In this study, there
was a report on two scenarios such as PV electrolysis with/without a battery with uses of grid electricity[***2],
This study was started with a proposed process system and then it simulated using Aspen HYSYS. v11. In this
proposal, a proton exchange membrane (PEM) electrolyzer was applied for the electrolysis process?324],
Figure 1 shows the coal conversion into methanol.
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Figure 1. Methanol synthesis from coal carbon sources that are converted by different conversion process for different waste matters.

Methanol synthesis was achieved via the CO, hydrogenation process that was later modelled using the
kinetic model with consideration of carbon monoxide and carbon dioxide as carbon sources?®!. Later efforts
were done on economic analysis via uses of levelized cost process and also environmental assessment of CO»-
eq emission performance. From performed experiments, results were shown on overall energy efficiency of
integrated hydrogen production and also methanol before (with value of 48.4%) and after (with value of 55.2%)
the heat integration process. It was done by using a heat exchanger network (HEN)[6:27, Further efforts were
made on the economic perspective on methanol production and it was found nearly $1040.2 and $1669.6/mt
tonnes methanol for PV-grid and also PV-battery respectively. Further study was shown on environmental
perspectives of the process of CO2-eq emission from the whole process of methanol synthesis and then it was
shown two different values (like 0.244 kg-COj-eq/MJ-methanol) for PV-grid and PV-battery system
respectively!28.29,

In recent research efforts, it was focused on methanol based transportation fuel production development.
This was done after conversion to fuel (like dimethyl ethers) and plastics. Current global methanol production
trend is found to be 45 million tonnes/ year and it is normally the same nature to fossil fuels, mainly natural
gast®?. Reports are shown on methanol production from other carbon containing feedstock like biogas, biogas,
waste streams and CO,. Biomethanol/renewable methanol production occurs from several feedstock and also
processes®Y. Biomethanol is chemically similar to conventional methanol and is discussed for several
advantages like reduced GHGs emission and also fossil fuel uses. It was compared with conventional methanol
production. Biomethanol (synthesis by pyrolysis) can be converted into several products/renewable
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feedstock[3-:32],

Studies were done on biomethanol production cost with estimation of 1.5 to 4 times higher than the cost
of natural gas-based methanol. Current fossil fuel prices were found in the range of $100 to $200/t.
Biomethanol production costs were mainly dependent on feedstock prices, plant set-up and also local
conditions®®l. Recent effort was found on biomethanol demonstration projects function and operation. And it
was focused on used waste biomass and byproducts that come from industrial processes like feedstock with
the provision of best economic efficiency™l. It was discussed for glycine by-products (and it produced from
biodiesel production) and also black liquor (from pulp and paper industry). These are considered as basic
feedstock for biomethanol synthesist®3, This feedstock can be produced from commercial scale plants in the
Netherlands and it was utilized there for production of biomethanol in their synthesis plant operation. In Iceland,
renewable methanol production occurs by combination of hydrogen and carbon dioxide®!, Reports are also
shown on other potential feedstocks like biogas from landfill sites or solid organic wastes from sewage and
also bagasse (come from milled sugarcane fiber)!*,

Some recent projects were demonstrated with many benefits with favorable conditions like low feedstock
prices (for glycerine), strong integration with conventional industrial processes (like pulp and paper industry)
and also inexpensive renewable electricity. Further effort was found on kind local conditions and also niche
opportunities that promote the biomethanol production with integration to bioethanol from sugarcane waste
matter®":38], Other was found on co-feeding biomass feedstock and also fossil fuels, Next effort was done on
co-production of heat, electricity and other chemicals with value-added natures. The emphasis was shown on
utilization of locally grown plant biomass for biomethanol production and it can make the country less
dependent on fossil fuels imports with help in reduction of GHG emission%4%, It compared methanol uses
(come from fossil fuel) with stimulation to local economic and employment. Co-feeding of renewable
feedstock in natural gas or coal based methanol production is explored with better facilities. It can be applied
in gradual manners with introduction of biomethanol production that helps in reduction in environmental
impact compared to conventional mode methanol production. In recent years, effort was shown on uses of
biomass feedstock for biomethanol production®, It can compete with uses of biomass for other products and
commodities synthesis. Use of biofuels is found for transportation tasks, electricity and heat generation and it
can come from plant biomass and also other biomass. Other biomass based products are biogas, chemical and
plastics as reported from biological processest® 442,

Discussion showed the availability of biomass feedstock at optimal conditions for biomethanol production.
And promotion in optimal uses of biomass can provide the full credits to environmental advantages like end
uses of feedstock with help of entire life cycle study™l. A number of policy options are discussed for eco-
labelling, incentives, carbon tax and informal campaigns and these can help to promote the optimal use of
biomass resources for biomethanol synthesis! . Other approaches for methanol production are discussed and
it can utilize the different concentrated carbon sources like natural gas, coal, biomass, byproducts streams,
carbon dioxide (from flue gasses)(“**4. Methanol production is reported to complete in many steps and it
discusses the plant biomass configuration for biomethanol production with strong similarity to coal-based
methanol production (by gasification process)“’l. Two different approaches for biomethanol production are
discussed such as uses of biogas for biomethanol (very similar to methanol production from natural gas) and
also carbon dioxide uses for biomethanol“5461,

Several conventional plants are discussed including gasification, gas cleaning and also reforming of high
hydrocarbons. Further water-gas shift, hydrogen addition and/or CO, removal is also discussed as conventional
approaches for methanol synthesis with effort to purification tasks from plants“’#¢l, Several feedstocks of
primary biomass are discussed with a pretreatment process as raw material. It needs chipping and drying the
woody biomass with purification of liquid feedstock. In methanol production in the gasification process, first
feedstock is required to gasify into synthesis of gas (syngas), a mixture of CO, CO,, H, and hydrocarbon[*®50,
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This process needs a limited amount of oxygen during feedstock heating (above 700 <C temperature). It can
improve the formation of CO, and H, with help in reduction of unwanted CO2, H,O. It has been found for uses
of sources of oxygen, inert gasses (like nitrogen for increased gas flow via gasifier) and downstream
equipmentl, These can result in costly processes due to high cost of equipment/investment. Uses of pure
oxygen can be found to be too expensive for methanol production. Economic optimal conditions can be found
between oxygen purity and production cost, electricity prices and equipment cost®-52,

From different approaches of methanol production, the initial syngas composition can depend on the
carbon sources and gasification technique. The concentration of CO, and H2 can be changed in various ways.
In this process, first unprocessed syngas can contain a small fraction of CH. and also other light weight
hydrocarbons with high energy content®™ %4, These are gone for the reformation process to convert into CO,
and H. by application of high temperature catalytic steam reforming or by autothermal reforming (ATR)
process. These reform processes can help to lead to the carbonaceous residues formation with reduction in the
performance of catalysts®. Still today, there is no option of cost-effective mode of reforming process. In
another technique, the initial hydrogen concentration in the syngas is used to very less amounts for optimal
methanol synthesis®l. Next, it can reduce the share of CO, but increase the H; share in the water gas-shift
reaction conversion process. This can convert the CO and H-O into CO., Hz. And CO; can be removed directly
by using the chemical absorption process by amines®®571,

Researchers have discussed the different approaches of carbon dioxide removals like adsorption into
liquids, cryogenic permeation (via membrane) and separation with advanced development. But it needed more
time for practical application(®8. Normally hydrogen production can be done separately and then it is added to
syngas. Industrial hydrogen can be produced by two techniques like steam reforming of methane and also
electrolysis of water. Electrolysis process is costly®®%, This can offer important synergies due to production
of oxygen during the electrolysis process for partial oxidation in the gasification process step. Later, it can be
replaced by air separation techniques®. Efficiency of electrolysis can be detected by the use/availability of
renewable electricity. This approach can provide the precise process in presence of enough oxygen for the
gasification process and it can be associated with hydrogen production in low concentration to meet the optimal
stoichiometry in the syngast®®¢%,

3. Biocatalysts/catalysts in biomethanol production

3.1. Catalysts in biomethanol synthesis

Earlier efforts on methanol production were reported to convert the syngas into methanol and it requires
a catalytic process based on copper oxide, chromium oxide and zinc oxide catalyst. In this approach of
methanol production, distillation is applied for removal of water from methanol during its synthesis process®.
And it was found to depend on important input and outputs with uses of electrolysis process. Several techniques
were discussed for methanol production like coal gasification process (cost-competitive) from long times
onward. Now application of biomass gasification is discussed that is not proven as a cost-competitive
process!®?. Efforts are shown by different researchers for production of biomethanol. Normally, any carbon
source can be converted into syngas but recent projects are only focused on the biomethanol production that
utilized the byproducts from many industrial operations®-62,

But it provides several advantages. In this context, integration of biomethanol synthesis was shown with
other facilities with effort to make the process simple including feedstock supply and logistics with sharing of
associated cost(®¥l, Several analyses were done on the overall economy of an integrated plant and it was found
to be less sensitive to price fluctuation of one of its products®¥. Several waste matters like black liquor (from
pulp processing), bagasse (from sugarcane mills) glycerine (from biodiesel production plant), and municipal
solid waste are utilized as potential feedstock for biomethanol production®¢4, Biomethanol production can
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be achieved by application of thermochemical pathways with or without catalysts and it is also discussed for
utilization of biological conversion techniques. The feedstock for biomethanol production can sometimes
depend on concentrated carbonaceous material like biomass, solid wastes, CO, and also coals®, Figure 2
shows the different feedstock for methanol conversion.
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Figure 2. Methanol synthesis from different carbon sources that are captured by different conversion process.

Biomethanol production can occur at lab-scale reactors but it needs the requirement of high temperature.
This can show low conversion efficiency with the requirement of a large amount of biomass. This can prevent
a wide range of applications as technology at industrial scalel®”). Number of efforts were done on
thermochemical pathway application for biomethanol production that needed a catalyst or no need for a catalyst.
But biological conversion approaches can be applied for biomethanol production(®®, At industrial scales,
several types of agricultural based biofuels production are reported and these are biodiesel, biomethanol,
methane, bio-oil and bioethanol. In effort to biomethanol synthesis from the biomass conversion process, it
requires several steps like biomass drying, biosyngas sweeting, gasification, methanol synthesis and
purification step®. In methanol synthesis process pure oxygen can prefer to prevent costly nitrogen
application before synthesis. It contained several key parameters of lignocellulosic biomass gasification like
temperature at 600 K, gasifier height (20 m), gasifier diameter (2 m) and oxygen ratio (10%) with steam ratio
(10%)[1. At unbalanced S ratio, it requires the reverse water-gas shift operation and it can adjust the
composition before starting methanol synthesis in the reactor. It is not worth the water-gas shift reaction. It
can be active on the Cu-Zn based catalyst in industrial synthesis. It needs another operation that combines with
the sweetening to clean the biosyngas before methanol production!™l. Main task is the removal of particulates
by means of filter and cyclones and then tar reforming is applied for conversion of tar species into additional
(with high S ratio) syngas, removal of water and also biosyngas compression task. Methanol can be purified
to market gradet>72, Table 1 shows the methanol production by several catalytic reaction.

Table 1. Biomethanol synthesis by catalysts involvements and also thermochemical reactions with promotion to waste mitigation.

Biomethanol Catalysts Process conditions References
Renewable-power-assisted Cu/Zn0O-based CO:z2 hydrogenation using renewable hydrogen [6]

CO2 capture and utilization from photovoltaic (PV)-based electrolysis and

(CCU) for methanol CO: originating from natural gas field processing
Hydrogenation of carbon Photocatalytic based Carbon capture and utilization systems are found [11]
dioxide is reported methanol reaction in isothermal or  for hydrogenation of carbon dioxide that

and other products adiabatic reactor used produced biomethanol

A methanol (MeOH) Cu/ZnO/Al203 This methanol synthesis is integrated with [12]
synthesis route based on CO2 is used with at 76 bar and enhanced gas recovery (EGR) and geo-

utilization is reported 210 °C. sequestration.




Table 1. (Continued).

Biomethanol Catalysts Process conditions References
A methanol production from  Cu catalysts is used Methanol yield (47%), carbon conversion (47%) [15]
syngas with kinetic model and methanol production (1.21 mol h—1) are
study was reported reported with reactor at 220 °C and 50 bars
Direct bio-syngas to Cu/ZnO/Al20s is This process used a high-pressure microreactor,  [16]
methanol generation process commercial catalyst and a commercial catalyst was used for the
is reported methanol generation process
Methanol production from Cu/ZnO/Al20;s catalyst is Reactor containing recycle mood has ensureda  [20]
pure COz and Hz mixture used higher efficiency up to 65% methanol yield at the
hydrogenation is reported range of (200-250 °C) and 50 bar.
Flexible methanol and Gasification technology ~ Economic impact of multi-product plants can [21]
hydrogen production from is reported with with flexibly produce methanol (26 and 55%) and
biomass gasification Cu/ZnO/Al,03 catalyst ~ hydrogen (64 and 90%) and it is carried out with

(CZA) pellets higher CO2 capture efficiency.
A 100 MW stand-alone wind  Spraying Integration of utilities for CO2 air capture, [24]
power to methanol process is CuO/ZnO/Al.03/V203 hydrogen production from co-harvested water
reported slurry on SS-plate is and methanol synthesis is incorporated with

reported capital costs
The individual synthesis of ~ Sub-10 nm Pt and Fe In the electrolysis of humidified methane, [28]
methanol and ethane from particles as catalyst at methanol was produced through the formation of
methane is reported anode with 150-200 °C.  active oxygen intermediates from water vapor
Novel methanol production ~ Hydrogenation and Solar field for COz and Hz0 splitting using [29]
process developed by thermo-chemical splitting concentrated solar thermal energy is integrated to
integrating CO2 technologies is reported  methanol production by hydrogenation of CO2

with photocatalyst. and CO.
Selective partial oxidation of Fixation of AuPd alloy Heterogeneous catalyst system for enhanced [30]
methane to methanol is nano particles within methanol productivity in methane oxidation at
reported aluminosilicate zeolite mild temperature (70 °C) is reported

crystals
Converting methane in a Exploring advanced low- Reaction processes operated at low-temperature  [32]
direct and mild manner for temperature C-H thermocatalysis systems or driven in electro- and
methanol. activation catalysts and  photocatalysis systems can achieve efficient

reaction systems methane conversion. Then it was converted to

methanol.

Synthesis of methanol and Direct catalytic synthesis Use of multicomponent catalysts to stabilize [33]
methanol derivatives from of methanol methanol is discussed with superior performance
methane of systems which produce methanol derivatives
Conversion of biomass- Catalysts is reported with UV light irradiation under room temperature is  [40]
derived polyols and sugars Cu dispersed on titanium  effective for the selective C—C bond cleavage to
into methanol and syngas oxide nanorod (TNR) methanol
(CO + Hy)

3.2. Biocatalysts role in methanol production

In context to biocatalysts’ role in methanol production, methanotrophs can be applied to convert methane
from the environment or biomass bio based methane. In this context, researcher interests have been increased
in recent years and this organism showed their potential for transformation of methane into valuable
bioproducts like methanol[™]. Methane availability in natural gas and also its low cost/prices have shown to
help to promote the biomethanol synthesis. Some of bioproducts like methane derived products are methanol,
polyhydroxyalkanoates and single cell protein(’. Many challenges are needed to overcome to achieve
commercialization of biologically manufactured methane to products like methanol. To take a holistic view,
the production process can lead the future bioeconomy with methane as the primary feedstock”>74. Methane
is found in natural and shale gas but it can be converted into methanol via a bioprocess by methanotrophs. It
can be used as a valuable chemical feedstock for the value-added chemicals. Novel methanotroph
Methylomonas species DH-1 is applied for conversion of methane to methanol under an effective biochemical
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process”>™l, This microbial strain was isolated from activated sludge from brewery plants and it can be
characterized by phylogenetic analysis, electron microscopy and chemotaxonomic analysis. Methylomonas
species DH-1 is aerobic, gram (-ve) rod-shaped and non-motile bacteria and it comes under type-1
methanotroph and growth condition and bioconversion in batch mode is done for methane to methanol[®,

Bioprocess parameters are methane concentration, pH, biocatalyst loading, MDH inhibitors, and
concentration of formate. These parameters were analysed and optimized. Methane was used for production
of methanol titer (~1.34 g/L "), volumetric conversion rate (0.332 g/L! h™!) and specific methanol rate (0.0752
g/g ! cell/n™!). Next promising characteristic of Methylomonas species DH-1 can be found for best producer
of methanol up to tolerance of concentration of 7% v/v. Further these microbes showed more advantage of
high-titer methanol™7¢1. For methanol production/synthesis, methane needs to convert at atmospheric
temperature and pressure. Further it needs the application of methane monooxygenase (MMO)/complete cell
of methane oxidizing bacteria as a biocatalyst. Recently, methanol production has been reported using the
methane-oxidizing bacteria and then it is more promising than the isolated enzymes that showed many
disadvantages like high costs and also the unstable nature of MMOL'",

This enzyme instability is due to come from outside the bacterial cell. Several reports have discussed the
methanol production by the use of methane oxidizing bacteria. Further studies were done on extracellular
accumulation of methanol by methane-oxidizing bacterial’®. This is done with help of various reaction
conditions with need to optimal level. In this context, researchers have applied the inhibitors for methanol
dehydrogenase that can minimize the conversion of methanol to formaldehydel’” 781, This task was done with
determination of this conversion (methanol to formaldehyde). Normally, methanol hydrogenase application is
needed after the completion of oxidation of methane to methanol with help of MMO enzyme. Methanol
hydrogenase enzyme inhibition is very important and its activity can occur in shortage of nicotinamide adenine
dinucleotide (NADH)™I,

This shortage can be fulfilled by cellular energy that can come from various organic compounds, required
for metabolic reaction, replication of bacteria and also hydroxylation of methanel®. So, it needs methanol
oxidation inhibitors and also optimum electron donors that can help to supply energy to bacterial cells. It needs
in addition to use the methane-oxidizing bacteria as a biocatalyst with culturing in active form that can be used
for methane conversion to start to methanol. It needs a good understanding of the bacterial methane metabolism
process and it is crucial to develop at a practical level for methanol production. Then it can be found best whole
cell biocatalysts for methanol productiont”#, Figure 3 shows the biomethanol production by different species
of methanotrophs.

Methylomonas species DH-1

Methylomonas methanica J
Oxygen-rich surface Methylomarinovum caldicuralii
layer of the lake DSM 19749 J
H H Methylotuvimicrobium alcaliphilum
Nt Methylosinus trichosporium J o Methanol
N Methane c \ Methylocella silvestris dehydrogenase
H H Methane monooxygenase 2
Methane in )
environment A Formaldehyde
Fuel energy
Biomethanol

Natural gas from Methylosinus trichosporium

refineries

Reduction in CO2, nitrogen

and sulpher oxide emission
up to 60 to 90%

Figure 3. Biological bioprocesses for methanol synthesis by different species of methanotroph that good sources of MMO that
convert to methane to methanol.
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Methylomarinovum caldicuralii DSM 19749 is reported in the new family Methylothermaceae and order
Methylococcaceae. It is gram positive bacteria. It is different from general Methanothermus and
Methylhalobius. The consistent and also distinctive physiological traits, Methanothermus (includes the most
thermophilic species) and Methylohalonius (includes the most halophilic species®. These genus can include
the pmoA gene that codes the pMMO enzyme and it can be detected in geothermal areas and also deep sea
hydrothermal vents fields®®8l, Methane conversion into methanol is reported using several approaches and
then methanol can be converted into several value-added products/chemicals by chemical conversion processes
and techniques. MMO is a key enzyme that uses oxygen and methane to convert into methanol®,
Methanotrophic bacteria can also transform methane into methanol but it needs the inhibition of methanol
dehydrogenase to avoid its degradation. Recent process on biocatalytics conversion of methane to methanol is
a crucial step in the methane based refinery system. Further it needs to explore the future prospective for
methanol production®-#2, There are several species of methanotrophs and these are Methylotuvimicrobium
alcaliphilum, Methylomonas methanica, Methylosinus trichosporium and Methylocella silvestris. These
species were validated by different researchers for methanol tolerance and production on pure methane and
also biogas with the contribution of enzyme activities that involve in methane utilization task®l.

Among these selected methanotrophs M. alcaliphilum showed the maximum tolerance capability of 6%
v/v and it showed the maximum methanol production of 308 mg/L and 247.4 mg/L on pure methane and biogas
as substrates respectively. Further it was detected for activities of methane monooxygenase and formate
dehydrogenase enzymes in M. alcaliphilum. This M. alcaliphilum is reported to contain high concentration of
cells (98.40 mmol/min/mg cells) and enzyme/protein (0.87 U/mg protein) respectively®. Biotransformation
trials for 14 L fermentor were reported for increased methanol production (418 and 331.2 mg/L) and yield
coefficient (0.83 and 0.71 mg methanol/mg) for pure methane and biogas respectively as substrates. And
systematic selection of methanotroph can result in the best haloalkaline strain M. alcaliphilum for biomethanol
productionf®3:84,

In context to biomethanol production, microbial consortia of methanotrophs are shown to possess the
efficient biological process than single isolates. And then it was designed and also evaluated for a synthetic
microbial consortium that can contain the methanotroph Methylocystis sp. M6 and its helper Hyphomicrobium
sp. NM3[1, Later these were used to develop a novel methanotrophic process with utilization of dialysis
membranes. Further, study on this consortium was done for increased methane-oxidation rate (MOR) in
Hyphomicrobium sp. It showed increased biomass and stability at the suitable dilution rate (0.067 day™!) in
fed-batch co-culture vesselst®®. For the Methylocystis sp. M6 strain gRT-PCR study was done with gradual
increase in population with time and then in case of Hyphomicrobium sp population, it remained stable despite
cell washing condition[®5:861,

Other properties like synergistic interaction of this microbe’s population was reported. At 0.1 day
(dilution rate), spiking of Hyphomicrobium sp. is reported to increase with increased methanotrophic activity
and then later Hyphomicrobium sp. population decreases with time, confirming the optimal consortium at less
than 0.1 day®. Later effort was put on Hyphomicrobium sp cultivation on dialysis membrane with the
bioreactor then MOR was found to increase in linear way up to 155.1 m.mol/liter/day at 0.067, 0.1 and 0.4
day-1 with highest value for a methanotrophic reactor®l, And Table 2 shown the biocatalysts sources from
different methanotroph that helped in biomethanol production.
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Table 2. Biomethanol synthesis from different methanotroph with effective sources of biocatalysts.

Biomethanol Biocatalysts Bioprocess conditions References
Metabolic engineeringto  Engineered OMICS studies on several model methanotrophs  [5]
methanotrophs and its methanotrophs have been conducted to provide strategies to
application to bio- engineered methanotrophs
methanol synthesis
Methane converted to Recent progress on Methanotrophic bacteria can transform methane  [7]
biomethanol biocatalytic conversion is to methanol by inhibiting methanol
reported with uses of dehydrogenase
methanotrophs
Biological Methanol Methylocystis bryophila ~ Maximum methanol (4.63 mM) production at pH [9]
Production is reported is good sources of 6.8, 30 °C, 175 rpm, 100 mM phosphate buffer,
biocatalyst 50 mM MgCl:2 with methanol dehydrogenase
inhibitor, CH4 concentration (50%) and 24 h
Methanol production from Thermotolerant It is evaluated for cell growth and methanol [48]
biogas methanotrophic production (33 g/L of methanol at 47 <C) with
consortium biogas with cell yields (0.22-0.40 g of cells/g of
methane) at temperatures from 30 to 55 °C and
pH from5.5t0 7.5
Methane (CHa) cycle for ~ Methane-oxidizing Higher CHa oxidation potential (MOP) (ng CH4  [52]
atmospheric CHs to bacteria (MOB) like g—1 h—1 dws) was observed in winter (14.12)
convert into methanol Methylocystis, compared with rainy and summer coinciding high
Methlylocystis- methanotrophic diversity/abundance induced
Methylosinus and JR2 methanol synthesis
and JR3.
Rice field soil for Potential of microbial Methanol production (without MDH inhibitors)  [74]
bioconversion of methane  consortium enriched from revealed (~130 mM/4.16 g/L) from enriched
to methanol reported rice field soil reported consortium. It closes to 132.5 mM (4.24 g/L)

methanol production by pure strain of
Methylococcus capsulatus

PHB is used as Methanotrophic strain i.e. PHB accumulating methanotrophic strain i.e. [76]
intracellular reducing Methylo cystis hirsute as  Methylocystis hirsuta was investigated with
power for methanol biocatalsts sources coupling PHB consumption (higher methane
production conversion efficiency (~69%) with methanol
production (399 mg/L).

Catalyse methane to Methane Thermosynechococcus elongatus BP-1 into the [78]
methanol conversion monooxygenases from membrane fraction containing particulate
under mild conditions methanotrophs are methane monooxygenase (PMMO) from

enzymes Methylosinus trichosporium OB3b. It pushes

methanol production.

Methanol production from Using resting cells of Catabolism of stored Poly-B-Hydroxybutyrate [79]

COz by resting cells Methylosinus (PHB~38.6%) can provide intracellular reducing
trichosporium IMV 3011 equivalents to improve the intrinsic methanol
as biocatalysts production capacity
Repeated batch methanol By using immobilized Maximum methanol concentrations of [84]
production from a Methylocystis bryophila ~ 4.88 mmol L™, 7.47 mmol L%, and
simulated biogas mixture 7.02 mmol L are achieved using the gas

mixtures like CH4:CO2 (2:1 ratio), CH4:hydrogen
(4:1 ratio), and CH4:CO2:H: (6:3:2 ratio)
respectively

CO:z2 conversion by Co-immobilizing the It observed a 4.5-fold higher methanol yield in [89]
enzymatically reduction  three dehydrogenases in  comparison to enzymes free in solution. Enzymes

into methanol in a cascade siliceous mesostructured  were immobilized in order of size and with a

reaction cellular foams (MCF) loading of 50 mgenzymes gsupport*

3.3. Development of novel biocatalyst

Reduction of carbon dioxide into methanol is occurred by enzyme mediated reactions in cascade mode
and its three enzymes like formate (FateDH), formaldehyde (FatdDH) and alcohol hydrogen (ADH). In these
conversion reactions, improvement in the yield of methanol from these reactions are reported by co-
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immobilizing three dehydrogenases (DH) in siliceous mesostructured cellular foams (MCF)®, The siliceous
MCF material consists of large mesopores and it is suitable for the co-immobilization of these large enzymes
compared to other enzymes. Further improvement in interaction between the enzymes and support can occur
due to host silica material. This silica material can be functionalized with mercaptopropy! groups (MCF-
MP)®%. Next, enzymes were fluorescently labelled in an independent way and then it can be easily monitored
for their uptake and spatial distribution into the particle. For co-mobilization tasks, three dehydrogenases were
combined to co-immobilize by using two sequential techniques®°Y, In the first approach, the enzymes were
immobilized based on reaction order (FateDH—FateH—ADH) and in the second approach, order of enzymes
was kept based on their size (FateDH—>ADH—FatdDH)®. For better understanding of protein loading, some
tests were done with two different weight values like 50 and 150 mg. enzyme/g. support. And then it was
observed for 4.5 fold high methanol yield compared to free enzymes in solution forms. Another study was
done on enzyme activity that was immobilized based on order of size with loading of 50 mg. enzyme/g.
support®9o1,

In another report, studies were done on abundance of hydrogen (H adatoms) and this generation is found
due to oxygen vacancy creation on the indium oxide (In,Os) surface. Due to enhanced surface oxygen
vacancies, it can lead further for improved carbon dioxide conversions into methanol or other products. From
this conversion result, an effective synergy between the active Ni sites and surface oxygen vacancies on the
In,O3 surface. Then it can cause a superior catalytic performance on carbon dioxide hydrogenation with high
methanol selectivity®. From this conversion reaction, CO (carbon monoxide) generation is reported as
product only. And it is also detected for ignoring the formation of methane at a lower temperature (225 °C) of
reaction. This condition can push for high selectivity of methanol (100%) synthesis in this conversion,
Further, the observation was found for temperature value change (in range between 225 and 275 °C) on
methanol synthesis (higher than 64%). Finally, methanol selectivity can be still higher than 54%) at 300 °C of
temperature with a carbon dioxide conversion of 18.5% and then methanol yield is found to be 0.55 g
MeOH/g.cat/h at 5 MPa. It has been found that activities of Ni/In,Osare higher than most of the reported In,0;
based catalysts®2I,

Some efforts were done on orange peel-based biocatalyst and it was developed from different acid
protonation and then it can be used as a metal free catalyst for production of hydrogen from sodium
borohydride (NaBH4). This hydrogen can be utilized for methanol production from the CO, conversion
process®l. To make the orange peel-based biocatalysts with higher catalytic activity, some experiments on
pure orange peel were done by researchers. It was done with different acid molar concentration and calcination
temperatures. Next, the physical morphology, chemical interaction and surface texture analysis was done by
different analytical techniques such as TGA (thermogravimetric analysis), BET (Brunauer-Emmett-Teller),
XRD (X-ray diffraction) FTIR (Fourier transform infra-red) and Raman spectroscopy®l. From experimental
results, it was determined that high concentration acid-treated biocatalysts (40% H3sPO., 40% H,SO, and 40%
HCI) and calcined (at 450 °C) for 1 h period were shown to keep higher catalytic activity. And then
biohydrogen production at 35 °C and 70 °C is reported to involve a methanol breakdown process with 3%
NaBH4®39%],

This reaction was shown to mediate with catalytic activity by a mixture of acid-treated catalysts with
values of 46, 213 and 63,842 ml/min/g at 35 °C and 70 °C respectively. Further observation was found for
increase of molar concentration of biocatalyst with 40% individual acid in prolonged sample is shown. HGR
rate was not found satisfactory compared to 40% of mixture of the acid-treated catalyst and it is due to less
number of active sitesl®*%l. Commercial scale methanol synthesis is shown to occur by catalyst mediated
reaction and this conversion reaction is offered a poor efficiency in carbon dioxide feedstock and also it is due
to low conversion of CO- and its deactivation process. This is the result of high water production during this
process®. To solve this issue/barriers, an efficient process is reported to consist of three stage heat exchangers.
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It is proposed for the carbon dioxide hydrogenation process. In this process, catalyst volume in the methanol
reactor was divided into three sections to load the reactors®. Then the product stream of each reactor was
conveyed to a flask drum to remove methanol and water from unreacted gasses like CO, CO; and H. And then
a gaseous stream can enter to the top of the next reactor as the inlet feed®>%],

In this reactor, novel configuration can increase the CO; conversion nearly two times compared to one
stage reactor. Further benefit was found to reduce the water production that occurred due to uses or assisted of
water permselective membrane in each reactor and it can remove the water from reactor sidel*®>%7, The
proposed process was compared with a one stage reactor from coal and natural gas. Methanol production was
reported to occur at nearly 288, 305, 586 and 569 ton/day in CR, one stage, three stage and three-stage
membrane reactor respectively®®. Report is shown for methanol production rate in three-stage MR and it
showed slightly lower yield than three-stage reactors. The produced water can cause the catalyst poisoning and
itis reduced in MR configuration reactors. Results from the proposed process are found to be a strongly feasible
way to produce the methanol competitive with traditional synthesis processes®" %I,

Some results show that the proposed process is a strongly feasible way to produce methanol that can be
competitive compared with a traditional synthesis process. Conversion of carbon dioxide and also methanol
production rate is reported to increase nearly 50% and 103% compared to one stage reactor respectively®,
Further observation was shown for high amounts of water that can cause the catalyst poisoning, occurring in
the CO; hydrogenation process. Next impacts of H-SOD membranes were shown while assisted in all three
reactors of three-stage configuration®°, It is also reported for application of water perm-selective membrane
impacts. And it helps to minimize the water concentration (that is an undesirable product in this process) in all
the three reactors. This process was compared with the conventional methanol synthesis routes/process (that
is used to produce methanol from coal and natural gas)®®l, And this approach is shown to produce methanol
at an increased rate (in 281 tons/day) in three-stage membrane reactors. Many works related to methanol
production are still theoretical in nature without any economic assessment. But recently some works claimed
some potential for wide application with good starting points for future researchf®>%I,

Recently several efforts have been made for creating multiple mutations via performing the experiment
approach and also in a simultaneous way, limiting choices can be made by application of statistical approaches.
In this context, nearly 10,000 variants were gone for testing via experimental set-up strategies. Still not much
information is available for those mutations that can lead to enhanced enzyme proficiency™®. In a recent
review, a brief description of available computation techniques/approaches was done to explore the molecular
basis of improved catalysis and discussed to achieve by direct evolution (DE)/Darwinian evolution. In this
technique, an overview of the strength and weakness of current computational methods/approaches were
explored™®, These techniques were explored by taking some recent representative examples. Computational
technique helps in better understanding of enzyme power and it can help provide the highly active variants for
future development of methanol or any other product. Now some robust computational techniques can predict
the amino acids changes that are needed for enzymatic activity!*°%.1011,

Computational techniques can provide the attractive alternatives/options to understand, model and
rational way of constructing novel enzymes mediated catalysis at a reduced cost. The development of robust
computational techniques is capable of improving an enzymatic catalysis process[*’>1%l, DE is discussed in the
current period as one of the most challenging and exciting roads/ platforms in the biocatalysts process. In
recent years, various computational techniques have been applied in a wide range and it has helped to enhance
the promiscuous/achievable activities of natural enzymes!*%31%41, These approaches have helped to explore the
multiple sequence, and also structure alignment. This has helped to simultaneously design the entire protein
backbone structures and also amino acid sequences%21%l, Efforts were made on redesigning active sites of
natural enzymes. This task can normally be achieved by mutation of a subset of the active site residue via
maintaining the rigid backbone*1%1 Some scientists like Mayo and Hellinga have discussed in laboratory
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media that pioneered automated computation design and this design was able to create an array of redesigned
binding protein and enzymes['®1%7 In computational techniques, thioredoxin conversion into a primitive
esterase is reported with the help of Origami-Rotor-Based Imaging and Tracking (ORBIT) programme. This
programme explores the conformational and sequence space to generate the new variants*%-110],

Most successful strategy is computational inside-out methodology and it can combine the structure
prediction utilities in the Rosetta software. Some of these software are RosettaMatch, RosettaDesign, Quantum
Mechanics (QM~ theozyme)[1%1%1 Fuyrther efforts were shown in proof of concept for the inside-out protocol
and it was successfully designed for novel enzyme catalysts for Kemp elimination. Further it was used for
Retro-aldol and Diels-Alder reactions alsol*®l. Some extensive reviews of the inside-out protocol and designed
variants was reported. An alternative to RosettaMatch was discussed that was done to redesign natural protein
and it already presents the desired catalytic machinery. These alternatives are the SABER program and
Scaffold-Selection. Other strategies/methods were applied to match the theozyme into a protein active site.
These are OptGraft and PRODA_MATCHI11112 Molecular dynamic (MD) simulations are applied to find
the key to rank and also identify the best enzyme mutants. Further effort was shown on development of CASCO
(CAtalytic selectivity by Computational design) framework**3l. And this framework can involve high-through
MD to engineer enzyme stereo-selectivity. And this enzyme testing can help to replace most of the
experimental screening assay!3114],

4. Biomethanol for reducing carbon emissions

Methane is reported as next-generation carbon feedstock and it is found as vast reserves of natural and
shale gas. Methane conversion into methanol is reported by various approaches and in turn it can be utilized
for conversion into starting materials/chemicals. This conversion can help to production of many valuable
chemicals/products with help of existing chemical conversion approaches*®l, In this context, MMO is found
as a key enzyme with catalysis capabilities with addition of oxygen to methane. And methanotrophic bacteria
can show the transformation capability of methane to methanol which can be inhibited by methane
dehydrogenase enzyme!*61171 Some recent review emphasized the progress on biocatalytic conversion of
methane into methanol as a key step and it can be applied to achieve the methane-based refinery with future
perspective of this conversion technology™7:1181,

Several approaches have been discussed for production of methanol from methane and it has achieved a
high rate of conversion by using the high density of cells of Methylosinus trichosporium QB3b in biological
processes. Further impact is shown for high concentration of phosphate buffer in this process!*®l. This
biological process is reported to have a nearly good amount/concentration of methanol (1.1 g/L) and it occurred
in reaction media at optimal reaction conditions. These reaction parameters are 17 g dry cell/L and 400 mmol/L
phosphate and 10 mmol/L of MgCl, with also 20 mmol/L sodium formate. From this process/approach,
conversion of methane was reported to more than 60% and then 0.95 g/L methanol production was found in
the biotransformation process*?%. This conversion reaction was done in a membrane aerated reactor that was
introduced with methane and oxygen with two separate dense silicone tubing. From this conversion result, it
was claimed as an efficient technique with promising processes with capacity to high rate of conversion of
methane to methanol™19120],

Researchers have put efforts to achieve the economical and sustainable mode of methane reduction and
it is done with application of various methanotrophs microbial strain and it can utilize the natural methane as
feedstock (Figure 4). By exploiting Methylosinus sporium strain, it is possible to utilize the synthetic gas and
also methane for methanol production™?!l, Some studies were done on methanol production by Methylosinus
sporium strain that utilized methane and synthetic gas and in this process, optimal pH (6.8), substrate
concentration (50%), phosphate buffer concentration (100 mM), temperature (30 °C), incubation period (24
h), reaction volume to headspace ratio (1:5) were taken with 20 mM MgCl,; and 100mM methanol
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dehydrogenase inhibitor!*??l, Further studies were done on optimal production and process conditions that
resulted in the improved methanol production from 0.086 mM to 5.8 mM. In this process, covalent
immobilization of Methylosinus sporium on chitosan support material with high stability and reusability for
six cycles under batch culture conditions?1221, The immobilized cells were utilized for the mixture of
synthetic gas containing methane, carbon dioxide and also hydrogen in a ratio of 6:3:11%I, This was found
more effective than free cell activity and then it showed the maximum production of 6.12 mM. This work was
claimed as the first report on high methanol production by M. sporium stain and it was covalently immobilized
on a solid support from a synthetic mixture211%,

1 ~:. L Pretreatment w ‘
Agricultural wastes W N
- -'r J)

g
~ Simple glucose

® @

Methane

Methylacidiphilum
AD process i
Sumariolicum

\
Al ; S —
%\!%J: H a
S A :'llll] ] D7 Methanotrophs
% Biomethanol

Simple glucose: S
Amino acid; Carbon dioxides

Fatty acid Biogases

Landfills

Natural
degradation

Figure 4. Processes for conversion of waste biomass to biomethanol.

In recent periods, methanol is used for energy storage and it can be used for a wide range of products
synthesis. Methanol production can be achieved by plant biomass uses in numerous countries. And these
countries can be reported as good producers of biomethanol. Some reviews explored the methanol production
with contribution in techno-economy and environmental variability possibility™, In this context
lignocellulosic biomass has good sources of cellulose and hemicellulose and it is highly suitable for
gasification-based biomethanol production(*?®l. These methanol was compared to fossil fuels impacts and then
biomass-based biomethanol is shown to reduce the nitrogen oxide emission (by 80%) CO (by 95%) and also
sulfur oxide reduction to some extent™?¢l, The cost and yield of biomethanol was also dependent on feedstock
characteristics, initial investment and plant location. Now use of biomethanol is found as commentary fuel
with diesel, natural gas and dimethyl ether with a lot of benefits in terms of fuel economy, thermal efficiency
and reduction in GHGs (greenhouse gasses) emission(*24-1261,

Discussion is shown for biomethanol utility as energy sources with numerous benefits like high octane
value (87-110), low flammability, high performance and low emission of carbon matter. It is totally different
from fossil-based methanol and it can be fully miscible with water, conventional methanol and different
organic compounds. Biomethanol showed several usefulness such as substitute fuel to gasoline in internal
combustion engines*?’l. Next, it can be used as a replacement to diesel via biodiesel or dimethyl ether
production. Biomethanol can be utilized in methanol-fuelled vehicles or hybrid automobiles and also it can be
used for electricity generation via gas turbine or fuel cell and it can be used as a power housel*?®l. Various
reports are shown on improvement in fuel economy and reducing particle number emission with validation via
experimental investigation on a methanol gasoline dual-fuel spark engine. In this study, an intake port was
used to inject methanol into the engine and then it was checked for reduction in particle numbers emission via
enhancing the fuel economy!127:128],

Next, researchers have gone to find the stoichiometric air-fuel ratio and then it was maintained throughout
the experiment period. Based on results from their experiment, an increase in methanol addition in gasoline
can improve the fuel economy by reducing the brake-specific fuel consumption*?!, And then the total particle
number of the engine was found to reduce up to a minimum level of 5 < 10* N/ml with a 99.6% reduction
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compared to the baseline. A methanol engine can be shown to have 25% more brake thermal efficiency than
using the single spark ignition system at 0.11-0.29 MPa**%, And brake mean effective pressure is 0.11-0.29
MPa with an engine speed of 1600 rpm. A study was done of diesel-methanol dual-fuel engine operation and
it showed many advantages compared to pure diesel based engine operation2%1%l, Further testing operation
was also done on the intercooled heavy-duty turbocharged diesel engine. This engine was six cylinders at fixed
load and also 1500 rpm of engine speed. In diesel-methanol dual fuel engine operation, reduction in intake air
temperature is reported and it can make the exhaust gas thermal efficiency and temperature to be reduced
valuel®®l, Further impact was shown on increased amount of methanol addition in the fuel blend, it showed a
decrease in nitrogen oxide, nitric oxide and also smoke emission. But formaldehyde, nitrogen dioxide, total
hydrocarbon, carbon monoxide and also methanol emission to be higher values!*?"31,

5. Challenges and limitations in harnessing biocatalysts for biomethanol

Reports are shown on many challenges and also limitations on different approaches of production of
biomethanol. First limitation of biomethanol is to achieve environmental and techno-economic performance
and benefits. Three approaches of methanol product are reported like the baseline case approach is found for
methanol synthesis that coal uses!**2, And second approach (case-1) is the conversion of coal to methanol and
it is found from solar energy integration and third approach (case-2) is discussed as a hybrid solar-biomass
route of methanol production that occurred from the carbon dioxide hydrogenation process. 45.7% and 57.5%
lower environmental effects were found for the second and third approach once it compared with the baseline
route of methanol uses™*3. Reports are shown on production cost of methanol by case-2 and case-1 approaches
and these are found to be five times and three more compared to baseline case cost (229. 7 US$/ton). Some
analytical study was done on the impact of techno-economic performance of the bio-based integrated coal
gasification combined cycle (BIGCC) processi*®21%1, BIGCC is used to produce the heat energy. This BIGCC
can be affected by different biomass feedstock and then it can be utilized for deployment in climate change
mitigation situations. The BIGCC technology can demand a high amount of biomass raw material that affects
the land-use sector depending on condition and constraints on the land-use sidel*33134],

Effort was done on CO; capture BIGCC system for case 2 and then negative GHGs emission (—1092.1
kg CO- eq) was reported compared to case-1 CO, emission (927.8 kg CO; eq) and Baseline case (3607 kg CO;
eq)**®]. Further study was done on the case-1 route as an economically feasible process with average carbon
tax level (72.08 US$/ton CO- eq). And methanol as fuel was used in a power chain integrated model that can
assess the economic viability in the Caribbean region. The estimation was done on reduction up to 0.10
US$/KWh power and this can save the nearly 6000 MW annual power production via methanol uses*%1%71,

In biomethanol synthesis, various nature of thermo-chemical and biochemical routes have been exploited
and they pushed to achieve this methanol synthesis from waste biomass. In this context, advantages and
limitations for both the processes/routes are discussed with their basic principles and also issues (to be
addressed) by technological modes of up-gradation process!**l, Further, these need to exploit the future energy
demand. In biochemical routes, it finds the utility of different microbes as biocatalysts for biomethanol
production at normal pressure and temperature conditions. But the reports have discussed the various process
parameters impacts on microbial modes of biomethanol production. Several efforts have been made to make
the process cost-effective with better improvements that can show the capacity to utilize the biogases in place
of natural gas for biomethanol synthesis!**l. And it is found in the development of methane utilizing microbial
systems engineered via genetic engineering tools. This effort can bridge some gaps in existing processes with
facilitation to technology development for large/commercial scale biomethanol synthesis. Further it needs to
exploit the economical rate of biomethanol production with capability to meet the future demand%%1, |n
thermochemical route and biochemical conversion process, different nature of biomass can be utilized. And
thermochemical processes, gasification, pyrolysis and liquefaction processes are applied for biomethanol
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synthesis. And in biochemical routes, utilization of methanotrophs are reported to produce the methanol with
help of MMO enzyme!*49,

Further, discussion shows methanol production reaction and it is an exothermic reaction with the need of
a catalyst combined with high pressure (at 300 bar) and temperature (200—400 °C). Application of high
temperature and pressure is one economic issue/challenge for methanol production*4!. But these parameters
are needed to utilize as appropriate operating conditions that can maintain catalytic activity. Normally reactions
in thermodynamically mode are preferred for low temperature and high pressure conditions for the high rate
of methanol production and it is due to the exothermic nature of these reactions4%41l, Next, a study was shown
on high temperature needs that can lead to enhanced activity of catalysts but the specificity of reaction is found
to reduce that results in high amount/concentration of side products with decreased yield of methanol
product421431,

In methanol production, carbon dioxide requirement needs to be removed with increasing selectivity and
also yield of methanol. In this task, the gas ratio requirement can make it mandatory to modulate the syngas
composition before the exothermic gas-phase catalytic reactor for methanol production®4141, During the
methanol production, syngas need to undergo a water-gas shift reaction with utility to maintain the
hydrogen/carbon monoxide ratio (more than 2:1). This can favor the Kinetic and control the byproducts
formation[1%8.146],

Challenges are reported to global scale biomethanol production (nearly 45 million tons/year) and for this
target, fossil fuels like natural coal were used. It is concerned with climatic change and also depletion of
fossil/non-renewable fuel with sparking of natural gas prices. So, recommendations are given for the utilization
of renewable feedstock for biomethanol production!*l, Further, biomethanol production can occur from virgin
or waste biomass, non-biogenic waste streams or also CO, from flue gasses. This feedstock conversion is
achieved by a gasification process that converts it into syngas®4?l, Then it is gone to several steps in
sequential ways via attaining the optimal composition and process parameters that can push methanol synthesis.
Some examples are done by removing the CO- and also by adding hydrogen. This approach can decrease the
environmental impact by promoting biomethanol production*%,

In this context, some proposals were reported with use of renewable electricity and also hydrogen needs
via electrolysis process. And this approach, biomethanol synthesis, was identical in chemical nature to
conventional modes of synthesized methanol™, Till time only 200 thousand tonnes of biomethanol is
produced every year and this capacity needs to increase via establishing of many synthesis plants that can
achieve the more than 1 million tonnes methanol/year!!%152, Efforts were put into assessing the environmental
performance of biomethanol and some technologies are involved. This performance is highly dependent on
the plant set-up, the feedstock applied, and co-products formation quantities. Some scientific studies were done
to model the biomethanol production with a wide range of assumptions*521531,

6. Conclusion

This paper discusses the different nature of the methanol synthesis process. This paper focussed mainly
two approaches like thermochemical based routes with catalysts application and also biochemical routes for
biomethanol synthesis. Thermochemical routes of methanol synthesis are applied to utilize the waste biomass
and gasification, pyrolysis and liquefaction processes are discussed with their advantages and limitations. In
the biochemical route of biomethanol synthesis, methanotrophs microbial systems are used that are good
sources of biocatalysts. This paper also discusses the novelty of biocatalysts that push the biomethanol
synthesis at lower temperature and pressure. Methane monooxygenase (MMO) and methanol dehydrogenase
are main biocatalysts that decide the methanol synthesis in biological processes. Further this review explores
the different nature of feedstock like waste biomass, CO,, sewage nutrients, methane (from natural gas), coal,
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and biogas. This feedstock helps to minimize the biomethanol production by thermochemical routes. Different
properties of methanotroph have been explored to possess the MMO and Methanol dehydrogenase enzymes
and then conditions were optimized for best activity in methanol yield and production. Methanol as fuel used
in transport systems is the best alternative option to minimize the carbon dioxide or other toxic gasses emission
with minimization of greenhouse effect and climatic change.
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ADH Alcohol hydrogenase
ATR Autothermal reforming
BET Brunauer-emmett-teller
BIGCC Bio-based integrated coal gasification combined cycle
CASCO CAtalytic selectivity by computational design
Cco Carbon monoxide
CO2 Carbon dioxide
Cu-Zn Copper zinc
DE Direct evolution
ECA Emission control area
EUs European Unions
FatdDH Formaldehyde dehydrogenase
FateDH Formate dehydrogenase
FTIR Fourier transform infra-red
GHG Greenhouse gas
H2 Hydrogen
HEN Heat exchanger network
IMO International maritime organization
In203 Indium oxide
IREA International renewable energy agency
MCF Mesostructured cellular foams
MCF-MP Mercaptopropyl groups
MD Molecular dynamic
MJ Mega joule
MMO Methane monooxygenase
MOR Methane-oxidation rate
Mt Metric-tonnes
NaBH4 Sodium borohydride
NADH Nicotinamide adenine dinucleotide
ORBIT Origami-rotor-based imaging and tracking
PEM Proton exchange membrane
pMMO Particulate methane monooxygenase
PV Photovoltaic
gRT-PCR Quantitative reverse transcriptase-Polymerase chain reaction
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sulphur

TGA Thermogravimetric analysis
XRD X-ray diffraction
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