
Energy Evolution
Transitioning Beyond Fossil Carbon

Hariprasad Narayanan1,2

1National Centre for Catalysis Research
Department of Chemistry

Indian Institute of Technology Madras
2School of Environmental Studies

Cochin Univeristy of Science and Technology
Email: hariprasadmandur@gmail.com

TWO DAY NATIONAL CONFERENCE ON FUELING THE FUTURE: NEW ENERGY
ALTERNATIVES

March 01-02, 2024, Department of Chemistry, Bharata Mata College, Thrikkakara

Hariprasad Narayanan (NCCR) Energy Evolution March 1, 2024 1 / 33



The Quest

How many of you agree that completely
replacing fossil fuels with renewables in the
fuel sector would entirely eliminate our
reliance on fossil carbon (fossil-C)?

Hariprasad Narayanan (NCCR) Energy Evolution March 1, 2024 2 / 33



RENEWABLES 2023 GLOBAL STATUS REPORT – GLOBAL OVERVIEW

Heat energy accounted for the largest portion of the world’s 
total final energy supply at 48.7% in 2020, up 4% from 2010 
levels.22 This was followed by transport (liquid and gaseous) 
fuel (28.6% share) and electricity (22.7%).23 The uptake of 
renewables in transport and heating has been low compared to 
the electricity sector. Renewable heat accounted for just 11.5% 
of total heat demand in 2020 (excluding traditional biomass 

accounting for 13.1%), while renewable electricity accounted 
for an estimated 29.9% of total global electricity production 
in 2022.24 Modern bioenergy, solar thermal and geothermal 
direct heat supplied most of the renewable heat (79%), with 
the rest from renewable electricity.25 Biofuels supplied 3.6% 
of total fuel in the transport sector, while renewable electricity 
contributed 0.4%.26

Heat and transport are 
lagging behind electricity 
in terms of renewable 
energy uptake, despite 
accounting for  

77.3%  
of the global final energy 
supply.

Total Final Energy Consumption by Source, 2011, 2019 and 2021

Source: See endnote 19 for this module.

Note: Others include nuclear energy and traditional biomass.
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RENEWABLES 2023 GLOBAL STATUS REPORT – GLOBAL OVERVIEW

Global power sector emissions rose 1.3% to hit an all-time high 
in 2022; however, the average carbon intensityi of electricity 
generation fell to a record low of 436 grams of CO2 per kWh 
globally.33 (p See Figure 5.) This decline is explained by the 
significant growth of wind power and solar PV in the global 

electricity mix.34 In China, despite the growing demand for 
electricity, the emission intensity of the power sector decreased 
notably in 2022, falling 2.5%.35 The countries with the highest 
power sector emission intensity during the year were Kosovo, 
Mongolia and South Africa.36

i Carbon intensity refers to the amount of emissions released to produce one unit of electricity. 

Energy Sector Emissions by Source, 2021-2022
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RENEWABLES 2023 GLOBAL STATUS REPORT – GLOBAL OVERVIEW

Since the signing of the Paris Agreement, 194 Parties have 
submitted NDCs to the United Nations Framework Convention 
on Climate Change (UNFCCC), outlining their plans to reduce 
emissions and increase renewable energy uptake.142 In 2022, 
35 countries submitted updated NDCs, although not all countries 
include targets for the deployment of renewables in their NDCs.143 
As of 2022, 183 Parties included renewable energy components 
in their NDCs, but only 143 of these had a quantified target.144

Policies aimed at decarbonisation indirectly promote the use of 
renewables and include targets for reducing greenhouse gas 
emissions, pledges for climate neutrality and policies for net 
zero emissions. As of May 2023, 146 countries had announced 
or adopted a net zero target.145 (p See Figure 8.) The net zero 
target was included in a law in 26 countries and the EU, in a 
policy document in 47 countries, in discussion or proposed in 
52 countries, and had a declaration or pledged in 15 countries. 
Renewable energy is crucial towards achieving new zero 
emissions, and 94 countries have both a net zero and an 
economy-wide renewable energy target.146

Six countries (Benin, Bhutan, Comoros, Gabon, Guyana and 
Suriname) declared that they had achieved their net zero targets 
as of 2022. In March, the Republic of Korea’s Carbon Neutrality 
Bill and Green Growth Act for Climate Change entered into 
force, requiring the government to cut emissions 35% by 2030 
and to reach net zero by 2050.147 However, as of December 
2022 the UNFCCC reported only 57 submissions of long-term 
low-greenhouse gas emission development strategies, with 
11 countries having submitted their strategies during the year 
(Argentina, Canada, the Gambia, Germany, India, Lithuania, 
the Russian Federation, Singapore, Thailand, Tunisia and 

Zimbabwe).148 Such strategies outline a country’s long-term 
vision for decarbonising its energy system, reducing emissions 
and promoting renewable energy uptake.149

Carbon pricing policies put a price on carbon emissions to 
encourage a shift towards low-carbon technologies, thereby 
reducing greenhouse gas emissions. Adopted by governments 
and/or regional organisations, the policies can take the form of 
carbon taxes or cap-and-trade systems. They can help raise 
revenue for investments in renewables and other low-carbon 
technologies and provide incentives for companies to reduce 
their carbon footprints.
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Fossil Carbon’s Reach

1 Gasoline (Petrol)
• Most widely used fuel for automobiles.

2 Diesel Fuel
• Used in diesel engines found in trucks, buses, heavy machinery, and some cars.

3 Kerosene
• Historically used for lighting, but now mainly used in jet fuel and as a heating fuel.

4 Jet Fuel
• Kerosene-based fuels specifically designed for aircraft.
• Different grades exist for commercial and military aviation.

5 Fuel Oil (Heavy Fuel Oil)
• A thick, viscous category of fuels derived from the heavier fractions of crude oil.
• Used in large ships, power plants, and industrial furnaces.

6 Liquefied Petroleum Gas (LPG, Propane, Butane)
• Used for cooking, heating, and as a fuel in some vehicles.
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very active in order to maximize the yields of the branched

isomers by working at the lowest temperature possible. The

three technologies available today are highlighted in

Table 10. They are all based on bi-functional catalysts

consisting of a noble metal (Pt) dispersed on an acidic

support and operate in the presence of hydrogen. In all

technologies, the desired isomerization reaction is followed

by the cracking of the branched isomers [54, 64]. The

acidic support and the role of hydrogen differentiate their

mode of action:

• Chlorinated alumina [65], also capable of hydro-

isomerizing the more refractory n-butane

• Sulfated zirconia [66]

• Partially dealuminated MOR [64]

Since the isomerization of n-paraffin’s is an equilibrium-

limited reaction, it would appear that the zeolite catalyst

should be the least desirable due to its relatively low

activity and associated gain in Octane Numbers. However a

closer look at the catalysts and their response to processing

conditions, Table 10, shows that the MOR based catalyst is

the most ‘‘robust’’ and is relatively easy to regenerate. It is

therefore a solid option for a refiner seeking a solution to its

octane problem without the need for extensive purification

of the feedstock. This illustrates that the selection of an

industrial catalyst is a complex process of optimization and

that, for instance, the most active catalyst is not automat-

ically the most desired option.

In addition to this once-through mode of operation, it is

possible to further increase the octane by a clever separation

and recycling of the linear paraffin’s [54]. The strategy is as

follows: since the thermodynamic equilibrium sets a max-

imum to the conversion of n-paraffins, removing uncon-

verted n-paraffins from the isomerized product and

recycling them will result in an overall higher selectivity

towards isomerized products. The separation between

n- and iso-paraffin’s is possible by selectively adsorbing

n-paraffins on the molecular sieve 5A (LTA ion-exchanged

with Ca2?) described in Table 8. Depending on the tem-

perature and pressure, the separation as well as the catalytic

processes can take place in the gas or the liquid phase (the

Isosiv� or Molex� adsorption processes are the most

crude
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Fig. 3 Some of the major operations found in modern refineries

1140 Top Catal (2009) 52:1131–1161
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Fossil Carbon’s Reach Beyond Fuels

The Platform Chemicals
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The Platform Chemicals
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The Platform Chemicals

will be the role of the aromatics complex. Here, zeolites

have been used extensively and their impact has been as

important as in refining technology.

Figure 12 illustrates the chemistry behind the aromatic

processing [127]. Ethylbenzene can be converted in two

ways: hydro-isomerization into xylenes or hydro-dealkyla-

tion into benzene and ethane, both transformations requiring

bifunctional catalysts and resulting in quasi thermodynamic

equilibrated xylenes distribution and even equilibrated dis-

tribution of methyl-moieties among the methyl-containing

aromatics nuclei. Xylene isomerization can occur through an

intramolecular mechanism, involving benzenium-ion inter-

mediate or through an intermolecular mechanism involving

disproportionation/transalkylation reactions via bulky

diphenyl-methane intermediates. Here, it becomes evident

the shape-selective nature of zeolites will play an essential
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Fig. 11 General overview of the production of petrochemicals building blocks and their downstream processing

Table 14 Existing and proposed processes producing aromatics from various feedstock

Feed Catalyst Process Company Commercial

Light olefins, FCC gasoline or naphtha ZSM-5 M2 forming Former Mobil [111] No

C3-/C4-/C5- (pygas) Zn/ZSM-5 Alpha Asahi/Sanyo [112] Yes

Pygas Metal/ZSM-5 APU SK/Axens [113] Yes

Pygas, FCC gasoline Metal/ZSM-5 GT-BTX Plus?Aromatisation GTC [114] Yes

LPG paraffin’s Ga/ZSM-5 Cyclar BP/UOP [115] Yes

LPG-light naphtha Ga/ZSM-5 Aroforming IFP/Salutec [116] No

LPG-light naphtha Ga/ZSM-5 Z-forming Mitsubishi [117] No

Paraffin’s ZnS/ZSM-5 Topas Topsoe [118] No

C6–C7 naphtha Pt/KBaL Aromax CP Chem [119] Yes

RZ platforming UOP [120] Yes

C5–C10 naphtha Pt(Re, Sn)/Cl � Al2O3 Reforming UOP, IFP [121] Yes

Naphtha Thermal Steamcracking Many [123] Yes

1150 Top Catal (2009) 52:1131–1161
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Fossil Carbon’s Reach: The Platform Chemicals
• Stationery: Writing instruments such as pens, pencils, markers, and erasers

may contain petroleum derivatives, such as polyethylene, polypropylene, or
styrene.

• Electronics: Computers, monitors, printers, phones, calculators, and other
electronic devices that utilize petroleum-based plastics for casings, circuit
boards, and wires.

• Furniture: Furniture pieces such as chairs, desks and shelves, including
polyurethane foam, nylon fabric, and plastic components derived from
petroleum.

• Cleaning supplements: Disinfectants, hand sanitizers, and cleaning products
often contain alcohols or other petroleum-derived chemicals.

• Personal Items: Your backpack, wallet, watch, coffee mug, or other personal
belongings may include plastic, nylon, or polyester, which are derived from
petroleum.
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The Quest

How many of you agree that completely
replacing fossil fuels with renewables in the
fuel sector would entirely eliminate our
reliance on fossil carbon (fossil-C)?
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What we have to do?

Fuels → Renewable Energy

Platform Chemicals → Any
renewable source available??

Industrial platform chemicals be manufactured from
non-fossil carbon sources that utilize renewable

resources.
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The Criteria for Selecting a Renewable Resource

1 Equal distribution of energy sources
• The consequences and the world Peace

2 Sources should not be site specific
3 Exploitation should be decentralized
4 Distribution should be uniform & ensured
5 Management must be universal
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The Energy Budget
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CO2
BIG IDEAS FOR A SMALL MOLECULE
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The Carbon Cycle

• The capacity of the natural carbon cycle is
approximately 800 gigatonnes of carbon
(GtC) per year.

• Human-induced emissions now exceed 42
gigatonnes of carbon (GtC) per year.

• Nature does not have mechanisms to
efficiently manage or absorb the excess
emissions from anthropogenic sources.
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Photosynthesis and Respiration

Photosynthesis: 6 CO2 + 6 H2O light−−→ C6H12O6 + 6 O2

Respiration: C6H12O6 + 6 O2 −−→ 6 CO2 + 6 H2O +
Energy
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The CO2 resource
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Carbon Monoxide
CO2(g) + H2(g) −−→ CO(g) + 2 H2O(l) E◦ = −0.51 V
2 H+ (aq) + 2 e− −−→ H2(g) E◦ = −0.41 V

CO2 (g) + 2 H+ (aq) + 2 e− −−→ CO(g) + 2 H2O(l) E◦ = −0.92 V

Formic Acid
CO2(g) + H2(g) −−→ HCOOH(l) + H2O(l) E◦ = −0.58 V
2 H+ (aq) + 2 e− −−→ H2(g) E◦ = −0.41 V

CO2 (g) + 2 H+ (aq) + 2 e− −−→ HCOOH(l) + H2O(l) E◦ = −0.99 V

Formaldehyde
CO2(g) + 2 H2(g) −−→ HCHO(g) + H2O(l) E◦ = −0.55 V

4 H+ (aq) + 4 e− −−→ 2 H2(g) E◦ = −0.41 V
CO2 (g) + 4 H+ (aq) + 4 e− −−→ HCHO(g) + H2O(l) E◦ = −0.96 V
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Methanol
CO2(g) + 3 H2(g) −−→ CH3OH(l) + H2O(l) E◦ = −0.39 V

6 H+ (aq) + 6 e− −−→ 3 H2(g) E◦ = −0.41 V
CO2 (g) + 6 H+ (aq) + 6 e− −−→ CH3OH(l) + H2O(l) E◦ = −0.80 V

Acetic Acid
2 CO2(g) + 4 H2(g) −−→ CH3COOH(l) + 2 H2O(l) E◦ = −0.31 V

8 H+ (aq) + 8 e− −−→ 4 H2(g) E◦ = −0.41 V
2 CO2 (g) + 8 H+ (aq) + 8 e− −−→ CH3COOH(l) + 2 H2O(l) E◦ = −0.72 V

Methane
CO2(g) + 4 H2(g) −−→ CH4(g) + 2 H2O(l) E◦ = −0.24 V

8 H+ (aq) + 8 e− −−→ 4 H2(g) E◦ = −0.41 V
CO2 (g) + 8 H+ (aq) + 8 e− −−→ CH4(g) + 2 H2O(l) E◦ = −0.65 V
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Acetaldehyde
2 CO2(g) + 5 H2(g) −−→ CH3CHO(g) + 3 H2O(l) E◦ = −0.36 V
10 H+ (aq) + 10 e− −−→ 5 H2(g) E◦ = −0.41 V

CO2 (g) + 10 H+ (aq) + 10 e− −−→ CH3CHO(g) + 3 H2O(l) E◦ = −0.77 V

Ethanol

2 CO2(g) + 6 H2(g) −−→ CH3CH2OH(g) + 3 H2O(l) E◦ = −0.33 V
12 H+ (aq) + 12 e− −−→ 6 H2(g) E◦ = −0.41 V

2 CO2 (g) + 12 H+ (aq) + 12 e− −−→ CH3CH2OH(g) + 3 H2O(l) E◦ = −0.74 V

Ethane
2 CO2(g) + 7 H2(g) −−→ CH3CH3(g) + 4 H2O(l) E◦ = −0.27 V
14 H+ (aq) + 14 e− −−→ 7 H2(g) E◦ = −0.41 V

2 CO2 (g) + 14 H+ (aq) + 14 e− −−→ CH3CH3(g) + 4 H2O(l) E◦ = −0.68 V
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Propanal

3 CO2(g) + 8 H2(g) −−→ CH3CH2CHO(g) + 5 H2O(l) E◦ = −0.32 V
16 H+ (aq) + 16 e− −−→ 8 H2(g) E◦ = −0.41 V

3 CO2 (g) + 16 H+ (aq) + 16 e− −−→ CH3CH2CHO(g) + 5 H2O(l) E◦ = −0.73 V

Acetone

3 CO2(g) + 8 H2(g) −−→ CH3COCH3(g) + 5 H2O(l) E◦ = −0.31 V
16 H+ (aq) + 16 e− −−→ 8 H2(g) E◦ = −0.41 V

3 CO2 (g) + 16 H+ (aq) + 16 e− −−→ CH3COCH3(g) + 5 H2O(l) E◦ = −0.72 V
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Propanol

3 CO2(g) + 9 H2(g) −−→ CH3CH2CH2OH(aq) + 5 H2O(l) E◦ = −0.31 V
18 H+ (aq) + 18 e− −−→ 9 H2(g) E◦ = −0.41 V

3 CO2 (g) + 18 H+ (aq) + 18 e− −−→ CH3CH2CH2OH(aq) + 5 H2O(l) E◦ = −0.72 V

2-Propanol

3 CO2(g) + 9 H2(g) −−→ CH3CH(OH)CH3(aq) + 5 H2O(l) E◦ = −0.30 V
18 H+ (aq) + 18 e− −−→ 9 H2(g) E◦ = −0.41 V

3 CO2 (g) + 18 H+ (aq) + 18 e− −−→ CH3CH(OH)CH3(aq) + 5 H2O(l) E◦ = −0.71 V
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The CO2 resource
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Use of theory and experiment in catalyst discovery
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Use of experiment and theory in semiconductor materials
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Understanding and Engineering Photon-Assisted Catalytic
Processes
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Integrated Modeling, Characterization, and Validation for
Advanced CO2 Reduction Technologies
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Future Implications of Producing Platform Chemicals from CO2

• Carbon Neutrality: Direct conversion of CO2 into platform chemicals can
recycle emissions, leading to reduced greenhouse gas emissions and potentially
achieving carbon neutrality or negativity.

• Resource Efficiency: Utilizing CO2 as a feedstock reduces reliance on fossil
fuels, enhancing resource efficiency and decreasing the environmental impact of
chemical production.

• Energy Transition: Production from CO2 can drive the adoption of renewable
energy sources, promoting a transition to a sustainable energy economy.

• Technological Innovation: Advancements in catalysis and materials science are
necessary, stimulating innovation and the creation of new technologies for
carbon utilization.

• Circular Economy: Integrating CO2 utilization into a circular economy closes the
carbon loop, fostering closed-loop supply chains and sustainable practices.

Hariprasad Narayanan (NCCR) Energy Evolution March 1, 2024 31 / 33



The Vision for Future Society
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