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A considerable portion of fossil CO, emissions comes from the energy sector for production of heat and elec-
tricity. The industrial sector has the second order in emission in which the main parts are released from energy-
intensive industries, namely metallurgy, building materials, chemicals, and manufacturing. The decarbonization
of industrial wastes contemplates the classic decarbonization through optimization of conventional processes as
well as utilization of renewable energy and resources. The upgrading of existing processes and integration of the
methodologies with a focus on efficiency improvement and reduction of energy consumption and the environ-
ment is the main focus of this review. The implementation of renewable energy and feedstocks, green electri-
fication, energy conversion methodologies, carbon capture, and utilization, and storage are also covered. The
main objectives of this review are towards chemical industries by introducing the potential technology
enhancement at different subsectors. For this purpose, state-of-the-art roadmaps and pathways from the litera-
ture findings are presented. Both common and innovative renewable attempts are needed to reach out both short-
and long-term deep decarbonization targets. Even though all of the innovative solutions are not economically
viable at the industrial scale, they play a crucial role during and after the energy transition interval.

CO, mitigation
Electrification

1. Introduction emissions was originated from the energy sectors including electricity

and heat production, while, industrial sectors metals contribute to 23%

Mitigation of greenhouse gas emissions is one of the most important
challenges ahead of humankind in the current century. In order to
reduce the climate change impact, COy emissions should decrease
considerably at all the steps of our life. A decrease in primary energy
demand such as allowable fossil fuel consumption over time, energy
optimization, and economically feasible efficiency improvements are
noticeable in all sustainable scenarios (Kanchiralla et al., 2021; Pittel,
2019; Srivastava et al., 2021; Sweygers et al., 2021). The target of the
European Union is drastic reduction of carbon footprint up to 80-95% in
industrial and residential sectors by 2050 (Avila et al., 2018; Geden
et al., 2019; Pittel, 2019). In the past decade, 45% of global CO,

of CO, emissions (Peters et al., 2019). The share of industrial subsectors
on a total COy emission based on the European ETS in 2018 includes
6.21% from the petro-/chemical and refineries, 5.06% from iron and
steel, 4.14% from cement, 1.15 from fertilizers, 0.92% from lime and
plasters, 0.92% from paper and pulp, 0.46% from inorganic chemicals
and 4.14% from the other sub-sectors (Bruyn et al., 2020). Trans-
portation contributes to 22.5% of the emissions, while the remaining
emissions arise from other sectors, mainly buildings and agriculture
(Peters et al., 2019).

Over the past decades, industrial sectors have implemented opti-
mized systems for the reduction of costs and energy demands, which
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have significantly reduced the consumption of fossil fuels, while the
focus was on the improvement of main processes, but not on the
replacement of technologies, raw material or energy resources. A cir-
cular economy via looping of products and implementation of novel
techniques for the reduction of energy consumption can help further the
emission reduction at the process level. Moreover, the current debates
on carbon footprint are more on the replacement of fossil fuels with
renewable resources, development of cutting edge technologies, low-
temperature heat management, electrification with green energies,
and other economic abatement options that could reduce the carbon
intensity in industrial processes (Chao et al., 2020; Luderer et al., 2019).
The emission in the greenhouse gas (GHG) category includes CH,4 and
N-O in addition to CO, and fluorinated gases mostly from the ceramics
industry, while CH4 and N3O are the essential releases from
agro-industrial sectors and fiber production (Baeyens et al., 2015; Bretas
et al., 2020; Kang et al., 2015; Van der Weerden et al., 2017).

Current chemical products are fossil fuel-driven worldwide,
including oil and natural gas as they emit CO» after they are burnt [9].
Emission from natural gas is 25% less than oil, but it can be a consid-
erable hazard to the ecosystem and environment due to the possible
leakages of methane (CH4) at both extraction sites and distribution
networks. At equal rates of emitted GHG gases, CH,4 has a 20 to 23-times
higher effect on global warming in comparison to CO5 [9], and hence,
utilization of renewable energies instead of fossil fuels increases pro-
gressively. This transition requires novel chemical reaction technologies
and essential changes in the petrochemical processes (Centi et al., 2019;
Dupont and Oberthiir, 2015). Moreover, to reach the target of net-zero
GHG emission, innovative approaches, models, and technologies are
needed. For example, hydrogen systems are one of the predominant
pathways for future industrial development and grid stabilization,
which require new and economically viable infrastructures for imple-
menting the regional green supply (Lieshout et al., 2018). Additionally,
switching to non-fossil feedstocks such as biomass and pyrolysis or
catalytic depolymerization of plastic wastes, besides electricity-based
heat generation at industrial scales are some of the alternative re-
placements for conventional fossil fuels (Deng et al., 2021; Pous et al.,
2019; Reddy et al., 2020c; Vispute et al., 2010).

Walsh et al. (2017), introduced several scenarios for reducing the
fossil fuel consumption with emission reduction to less than 25% by
about 2100 at the primary energy supply and they suggested to drop
further allowable fossil fuel consumption rate to reach the global
negative emissions. Economical CO5 removal from the atmosphere,
smart and adequate infrastructure that guarantees interconnection,
sectoral symbiosis, cross-border and regional activities, digitalization,
electrification, further integration of relevant sectors, smart electricity
grids, and hydrogen pipelines are the surpass techniques to pioneer
energy transition to reap the benefits of a modernized and transformed
European economy (lora et al., 2016; Luderer et al., 2019; Spurgeon and
Kumar, 2018). The industrial symbiosis is where the companies and
sectors cooperate to optimize their feedstock supply, energy and waste
flows to cooperate with other sectors such as agriculture, food, energy,
and building utilities. Hence, the synergies of industries play an
important role in GHG emission reduction. For instance, waste gas from
steel manufacturers can be captured and utilized to produce high
value-added chemicals (Fresta and Costa, 2017; Usubharatana et al.,
2006).

To reach the highest degree of decarbonization, carbon capture and
storage (CCS) is a promising technology that requires more development
and implementation in the industrial sectors (Pous et al., 2019; Sharma
etal., 2020b, 2020c). This technology suggests CO, capturing via the gas
separation processes from industrial flue gases before emission into the
atmosphere (Deng et al., 2021; Usubharatana et al., 2006). Furthermore,
in the case of fossil-based syngases as feedstocks for a process, consid-
erable amounts of CO and CO, are available. Hence, the advanced
capturing of CO3 has more advantages due to its higher pressures and
richer concentration (Hajilary and Rezakazemi, 2018; Zhou et al.,
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2021b). Different capture and separation technologies via the several
methodologies exist, but their installation and operational costs depend
on CO5 amount, CO, concentration, partial pressure as well as concen-
trations of contaminants such as nitrogen (Abdelkareem et al., 2021;
Imteyaz et al., 2021). Capture technologies are typically categorized as
pre-combustion, oxy-fuel combustion, and post-combustion processes
(Shah et al., 2021; Younas et al., 2020b). The post-, pre-, and oxy-fuel
combustion carbon capture technologies make use of various materials
and separation methods depending on the need and demand (Shamsa-
badi et al., 2021).

Pre-combustion capture is applicable in gasification at high tem-
peratures to produce CO and Hp to form the synthetic gas. Oxygen is
separated from air in the initial steps, which is utilized for the gasifi-
cation of fuel. While in the post-combustion capture, air is utilized as the
conventional plants, and CO- is separated from the flue gas. Moreover,
in oxy-fuel combustion technology, fuel is burnt by utilizing oxygen
rather than air. The resulting end-stage mixture contains CO5 and con-
densable water vapor in which water can be separated from CO; during
the compression process (Abdelkareem et al., 2021; Younas et al.,
2020a). The post-combustion route is the most mature technology,
which is the widely used approach among the other three carbon capture
and storage technologies 11 (Aratijo and de Medeiros, 2021). However,
due to the presence of nitrogen in air, CO; is diluted and is has lesser
partial pressure and hence, electricity generation costs are high by
approximately 60-70% for a new infrastructure (Osman et al., 2021).

The CCS can be combined with combustion of sustainable biomass or
other processes as well and the captured CO, can be permanently stored
or used as a feedstock at different industries such as plastic and building
materials production (CCU) (Solano Rodriguez et al., 2017). De Luna
et al. (De Luna et al.,, 2019), investigated the CO, conversion into
valuable hydrocarbons such as syngas, ethylene, and ethanol through
electrochemical conversion. This research emphasized that coupling
CO; reduction with renewable electricity resources or biomass power
plants will lead to a negative slope on the net carbon emissions footprint
(Ricke et al., 2017). Furthermore, to achieve the goals of the energy
transition, European countries took major political decisions on reliable,
affordable, and clean energy sources (Bosman et al., 2014; Forster et al.,
2020). Therefore, CO, pricing structures are going to change by taking
the social fair steps assisted with the governmental supports (Sharma
et al., 2020a). This review provides the essential contributions on the
existing and under developmental technologies facing the energy tran-
sition and carbon mitigation. Various areas of research that can improve
the environmental effects of industrial sectors as well as energy-saving
and greening of the process plants are discussed. Besides a thorough
exploration of the renewable energy and feedstock resources, disruptive
technologies are introduced for both the integrable technologies to the
existing plants and for the new production routes.

2. Energy-intensive industry

The energy-intensive industry (EII), which has an important
involvement in GHG emissions, requires thorough development and
upgrades at all the energy, feedstock, and technology levels. The EII
includes CO; intensive subsectors, namely construction, metal, iron, and
steel production, petrochemicals, refineries, cement and ceramics,
paper/pulp, food and drinks that require high-temperature processes,
and the heat provided by high calorific value fossil fuels (Alshammari,
2021; Besier, 2021; Scalbi et al., 2021; Williams et al.,). Moreover,
majority of these industries are conservative towards the changes (Avila
et al., 2018). Hence, allocating competitive technologies in EIls and
implementation of state-of-the-art techniques are essential for pushing
of Ells towards emission reduction. However, new unproven technolo-
gies with high risks on costs, payback periods, possible economic dam-
ages, and the level of maturity will face stiff competition in the long run
(Avila et al., 2018).

Different EU countries are following various pathways and
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technologies to reach carbon-neutral industries by about 2050. Germany
is focusing on syngas and Hy production by adjusting the flexibility of
different sectors to utilize the periodic excess renewable electricity
(Srivastava et al., 2020a, b). Dutch and Swedish regions concentrate on a
low carbon economy by electrification of industry, while the approaches
by UK and US are slightly different by considering deep decarbonization
pathways, which greatly depend on the natural gas (Avila et al., 2018;
Chassein et al., 2017). Overall, multiple energy-intensive industries
(ElIs) in the EU have a share of 60% in industrial CO, emissions, which
makes them an important target for emission reduction approaches.
Considering all the leading-edge renewable sources at the current
technical level, high-temperature process heat requirements (over 250
°C) of Ells can only be fulfilled economically by biomass and biogas
(Chassein et al., 2017; Miryahyaei et al., 2020).

The burning of biomass or products from the gasification process
with high-pressure air can produce high-temperature heat for the in-
dustrial processes. Other advantages of biomass to fuel industries are
that the emitted carbon dioxide from the firing process is in balance with
the amount absorbed during the growth of biomass. Moreover, abundant
and homogeneous distribution of biomass worldwide improves the
importance of these renewable resources (Giglio et al., 2021; Henry
et al., 2021). However, on the restrictions side, bio-based fuels have
some fundamental limitations on providing higher temperatures,
namely the combustion purity and the need for precise temperature
control, which make it inadequate for some industrial processes (Samimi
et al., 2020). Moreover, bio-based resources for bioenergy supply should
tackle high uncertainty on the non-climate ecosystem damages, mainly
due to the land requirements (Luderer et al., 2019). Therefore, decar-
bonization of low-grade heat through key cross-sectoral technologies is
the most important and feasible target in the close future. These
segmental technologies include the implementation of membranes in
petrochemical industries and refineries, advanced electrochemical pro-
cesses, development of electrolysis processes, electrified heat genera-
tion, hydrogen-assisted production pathways, carbon capture, and
storage as well as carbon-neutral steel making (Bernardo et al., 2020;
Iulianelli and Drioli, 2020; Lu and Jiao, 2016; Parvasi et al., 2020). The
fulfillment of these technologies is quite limited due to the lack of sci-
entific background, appropriate adoption of the already installed pro-
cesses to the new techniques surplus to the facility, and infrastructure
requirements (Avila et al., 2018).

Economic feasibility and different approaches have been imple-
mented in various studies for the GHG mitigation, namely top-down and
technological bottom-up models. The focus of the top-down approach is
market interactions of the energy sector without focusing on technical
and economic feasibility. In contrast, the bottom-up approach focuses on
energy technologies and relative costs (Allen, 2014; Froemelt et al.,
2021; Tennison et al., 2021). These approaches follow the roadmaps
published by the European subsector associations such as iron and steel,
cement, lime, or ceramic industry decarbonization (Avila et al., 2018;
Fennell et al., 2021; Gielen et al., 2020; Kaljuvee et al., 2001).

3. Development of classic decarbonization solutions

In efforts to reach the determined average global temperature by
2050, which is at the maximum of 2 °C higher than its value before the
industrial revolution, the global greenhouse gas (GHG) emissions should
diminish very fast and emissions from the industries require to be
mitigated by about 80-90% compared to 1990 (Xu and Ramanathan,
2017). The severe issue that industries face for this huge emission
reduction is that production processes require very high temperatures,
which cannot be achieved with the current technologies sufficiently.
Although some industrial subsectors such as washing and drying pro-
cesses in food processing companies operate below 150 °C, the distil-
lation processes, boilers, and reactors in chemical industries require heat
with temperatures >250-750 °C; iron and steel production processes
need even higher temperatures. These temperature requirements of
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different sectors are the best examples for the assortment of new and
combined technologies aiming at energy and emission reduction at the
industrial level. In this review, detailed discussions of the technologies
for upgrading a selection of processes are discussed and the potential
improvements for optimization of the already installed plants are illus-
trated by introducing innovative techniques and state-of-the-art tech-
nologies. For example, retrofitting of the existing plants via the
hydrogen and biofuels generation, novel hybrid systems, and enhancing
the flexibility of the existing power plants, are within the framework of
industrial carbon mitigation (Anniwaer et al., 2021; Daraei et al., 2021;
Davarazar et al., 2019; Hameed et al., 2021; Kamali et al., 2019c; Piazzi
et al., 2021).

3.1. Sretching the operating boundaries

Conventional technologies and processes are already running based
on the defined operating boundaries such as optimized temperature and
pressure, which are compatible with the fossil-driven energy resources.
Therefore, one important innovation towards decarbonization and
electrification is the extension of operating conditions by introducing
more flexible processes, equipment, and energy resources. Enlarging the
process equipment at energy-intensive plants, making parallel plants,
developing flexible control systems, generating new heat networks,
which involve different types of energy buffers, and solving other related
issues ahead of industries can enable the energy transition of Ells (lora
etal., 2016; van Kranenburg et al., 2016). For instance, electrical-driven
heat pumps, which are highly efficient, can upgrade the low-grade heat
temperatures up to 250 °C. New working media, compressors, and tur-
bines will bring more flexibility to the unit operation and industrial
processes. For instance, an electrically driven thermos-acoustic heat
pump can enhance the industrial residual heat to higher grades and
circulate the energy internally to diminish the external utility re-
quirements of the plant. This technology upgrades heat temperatures
from 50 to 120 to 100-200 °C (van Kranenburg et al., 2016). The
thermoacoustic heat pump is equipped with a helium-filled acoustic
resonator and driver to create acoustic waves as a force for circulating
the working media of heat pump between low- and high-temperature
heat exchangers, which is insensitive to temperature fluctuations of
the heat source. Working at a large range of temperatures and the pos-
sibility of swapping hot and cold streams simultaneously, a thermoa-
coustic heat pump can be implemented in a distillation process. The cold
sink of such heat pump is the condenser on top of the distillation tower
and the heat sink is the reboiler heat requirements at the bottom of the
tower as depicted in Fig. la. Tijani et al., [38-40] tested the already
designed heat pump at temperature intervals between 10 and 80 °C and
elevated them between 50 and 150 °C. Their results show the maximum
relative coefficient of performance (COP) equal to 27% for temperatures
between 50 and 120 °C, as shown in Fig. 1b. The COP was calculated
from the ratio of heat to input power, which was further extended
relative to the Carnot value. By the installation of this heat pump,
low-temperature heat at 50-80 °C available from the condenser at the
top of the column was utilized for the reboiler side of the column
providing temperatures up to 100-150 °C (Spoelstra and Tijani, 2005;
Tijani et al., 2011, 2016; Xu et al., 2022). This technology significantly
reduces the required energy for cooling on top and heating at the bottom
of the distillation column. However, the consequence of fewer energy
requirements is the considerable reduction of fuel consumption and
emissions.

3.2. Improved electrochemical system

Electrochemical processes to produce hydrocarbons from COy and
water are the widely explored electrochemistry concepts that can
improve reaction efficiency, activity, and selectivity. The concept is to
provide required electrons for the process from green sources such as
solar and wind power and reduce CO; into high-value-added chemicals
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Fig. 1. (a) Integration-of thermoacoustic and distillation column, the CAD-illustration of the heat pump cross-section, (b) COP, as a function of the drive ratio at

different temperatures (Tijani et al., 2011).

such as methane, methanol, ethylene, and formic acid (Pappijn et al.,
2020; van Kranenburg et al., 2016). Overall, the high energy efficiency
and flexible electrochemical systems that can be combined with other
systems can reduce the operating process costs. Improved electro-
catalysts, the decline of processing steps, and in-situ product separation
are some of the other techniques to reduce the capital investments,
making the whole system economically viable and thereby, improving
the business. Accordingly, the focus on novel electro-catalysts should be
on the performance increment and the development of more stable
materials (Sodeifian et al., 2019; van Kranenburg et al., 2016). However,
one approach is to find new alloys for bimetallic catalysts production in
which the target is to affect the electronic nature and function of the
materials. For example, see the production of nanostructured copper
foam with a high electrocatalytic surface area as shown in Fig. 2a.
Furthermore, modification of catalyst nanostructure can affect its
performance.

Enhancing the nanoparticles in a path that each dimension of the
catalyst becomes selective for different reactions is another field of
investigation for elevating the electrochemical system performance (van
Kranenburg et al., 2016). Alternatively, innovative
photo-electrochemical CO; reduction process is useful towards
green-fuel production by the direct sunbeams. The covalent attachment
of molecular CO; to the surface of reduction catalysts such as TiO,--
protected CupO photocathodes occurs by the phosphonate linkers as
shown in Fig. 2a. One of the produced molecules is CO, which in-
corporates between phosphonate and bipyridyl moieties to adjust the
electronic structure of the catalyst. A technique for the preparation of
Cu0 photocathodes is electrodeposition, which can be followed by the
atomic layer deposition of Al-doped zinc-oxide (ZnO) and functionalized
TiOy nanoparticles (Schreier et al., 2016). Different catalysts were
investigated for the Sunlight-driven CO2 reduction to achieve the high
value-added hydrocarbons. Even though several challenging studies on
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CO; reduction have demonstrated a high achievement, still more efforts
are needed for the scale-up to make them commercially viable. The
particle size of the catalyst and its shape is important in CO, reduction
on their surfaces by creating adsorption for electron exchange sites
(Franco et al., 2020; Mayer, 2020).

Franco et al. (2020), investigated the electrochemical reduction of
CO5 using organometallics and molecular catalysis, which opened new
research frontiers for designing and production of the selective and
heterogeneous catalysts for CO, reduction. This research discussed the
application mechanism of catalysts for CO, conversion to CO; a sum-
mary of these effects and the mechanisms are illustrated in Fig. 2b.

3.3. Maximized process optimization by standardized equipment

Equipments required for Ells such as furnaces, kilns, distillation
columns, and drying can be used for the production of basic materials
(Avila et al., 2018). In contrast, the standardized equipment such as heat
exchangers, heat pumps, or (hybrid)-boilers in which novel designs can
replace them to reduce carbon footprint. Even though new technologies
on waste reduction, heat provision, and process control cannot decar-
bonize the industrial emissions completely, improvement of these
techniques can considerably decrease the emission (Avila et al., 2018;
Rajabloo et al., 2016, 2017). The hybrid operation mode assisted by the
membrane-based separation technologies provides additional energy
savings as well as the overall cost reduction. For example, hybrid
fermentation-distillation mode can reduce the inhibition risk of the
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Fig. 2. (a) Schematic Sunlight-driven CO, reduction (Schreier et al., 2016), (b) CO, reduction on catalyst surface (Franco et al., 2020; Rasul et al., 2019).

fermenter ethanol and consequently the heat. The other novel technol-
ogies to optimize the existing processes such as ethanol production
plants are direct membrane distillation and air gap membrane distilla-
tion processes coupled with fermentation as well as very high gravity
fermentation methodologies (Baeyens et al., 2015). Furthermore,
de-dusting of hot gases, especially in advanced power generation sys-
tems and petro-/chemical processes can improve the dew points and
energy recovery at higher temperatures. Moreover, dust removal from
hot gas protects the downstream heat recovery equipment from fouling
or erosion, which can simplify the overall process. Additional benefits
are the mitigation of power consumption and simultaneously capturing
the gaseous pollutants (Li et al., 2021a).

3.4. Furnaces

Furnaces can provide high-temperature requirements of all the EII
subsectors that are vital for hydro-metallurgy and pyro-metallurgy as
well as for non-metallic and composite materials such as reinforced
carbon fiber plastics (Avila et al., 2018; Nuhiji et al., 2020). The
laboratory-scale tests have proved that microwave-supported heating
decreased the emissions from these processes by >50% (Avila et al.,
2018). Moreover, the advancing of air-assisted industrial combustion by
the reduction of equipment size, providing uniform thermal distribution
on the entire combustion zone at the furnaces, which burn fossil fuels to
produce high-temperature heat have led to emission reduction, which is
estimated to save nearly 180 Billion tons/year of CO, by about 2030
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(Weber et al., 2020). In the ceramic sector, several applicable methods
of energy-efficient technologies have been investigated to improve fur-
naces as well as variable frequency inverters, single-stage press-
ing-glazing, airless drying, implementation of sophisticated sensors and
control systems (Agrafiotis and Tsoutsos, 2001; Branca et al., 2021;
Luberti et al., 2022; Salomao et al., 2021). Furthermore, full electrifi-
cation of furnaces in glass industries, besides the plasma melting tech-
nologies have been proved to be feasible and requires scale-up studies
(Avila et al., 2018).

3.5. Heat pumps and process heat recovery

Since all the EllIs entail process heat efficiency improvement, heat
circularity and management are unavoidable for emission reduction. In
addition, industrial subsectors with multiple process steps such as food,
drinks, refineries, and petrochemicals are more sensitive to process
stability and safety issues. Hence, more flexible and compatible tech-
nologies are lacking to boost the heat circularity to efficiently improve
the emission abatements (Cooper et al., 2019; Damasceno et al., 2020;
Koufos and Retsina, 2001; Lerdlattaporn et al., 2021).

Heat pumps are the well-established technologies that are based on
the primary studies that have shown their abilities for electro-thermal
technology-based heat production. Heat sources for heat pumps can be
supplied from various sources like air, lake, seawater, river, ground heat,
or waste heat. Heat pumps intake one unit of electricity and produces
2-6 units of thermal energy depending on the heat sink temperature
(Gerres et al., 2019; Mateu-Royo et al., 2020). A small number of heat
pumps are installed that are operating in industries mainly for space
heating and cooling. Refrigeration, low-grade steam production, drying,
simultaneous heating and cooling, evaporation, cleaning, and distilla-
tion processes are the other areas that require heat pumps. Therefore, it
is necessary to increase the heat pump installations to consider the
market and economic models, which can reduce the fuel consumption by
more than 40% (Gerres et al., 2019; Zhang et al., 2016b). However,
waste heat recovery is currently developed at some stable and
high-temperature sectors, but they lack technologies for the integration
with non-steady processes (Compernolle et al., 2011).

3.6. Catalytic processes and membrane separations

In petrochemical industries, nearly 50% of process emissions come
from the separation and cracking processes due to their high-
temperature functions and consequently their high fuel demand. Cur-
rent technologies are utilizing the catalysts assisted liquid distillation,
but these are to be replaced by the membrane-assisted catalytic pro-
cesses for a significant emission reduction. Implementation of mem-
branes can reduce the temperature levels, but other alternative
separation processes from thermal driven paths to mechanical aspects
where the energy is used in the form of pressure instead of heat. It was
estimated that membrane-based separations require 90% less energy in
comparison to thermal separation processes (Alexis Michael Bazzanella
and Ausfelder, 2017; Alrashed et al., 2021a, 2021b). Nanocomposite
membranes phase may essentially help the decarbonization technolo-
gies once the commercial scales have emerged. Furthermore, membrane
distillation (MD), which is a combination of membrane and distillation
technology is crucial in petrochemical subsectors (Jyothi et al., 2019;
Kamali et al., 2019a, 2019b, 2019¢; Mosleh et al., 2017; Zandi et al.,
2019). This hybrid distillation technology can achieve near to the ideal
separation efficiencies to save energy by about 30%. Membrane-assisted
technologies can also assist the separation processes in food and drinks
industries as well as for the carbon capture and sequestration. The ma-
jority of novel membranes include carbon molecular sieves, polymers,
and organic microporous membranes that their implementation at
different industrial subsectors can reduce emissions between 5 and 45%
depending on the nature of the sectors (Ahmed et al., 2020; Anyanwu
et al., 2022; Hussin and Aroua, 2020; Li et al., 2022a; Rezakazemi et al.,
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2018; Rozyyev et al., 2021; Shah et al., 2020; Yang et al., 2020).
4. Renewable energy and resources

Renewable energy and resources are the most essential elements
towards the decarbonization due to flexibilities in feedstock and carbon-
based fuel replacements. In this respect and hybrid renewable energy
integrated systems are under the active investigations to extend their
deployment. However, these techniques suffer from the drawbacks of
low and inadequate density of the renewable resources and growing
demand of the energy requirements (Mbungu et al., 2020). Since the
temperature requirements of different industries vary over a wide range,
the enhancement of green energy, direct utilization, and combination of
both are indispensable in many industrial plants (Biencinto et al., 2021).
However, the main recognized renewable energy and resources are solar
thermal, wind power, geothermal heat, and biomass. Moreover, elec-
trolysis using renewable energies and production of the chemicals by
developing alternative carbon sources can be categorized as a renewable
molecule production (Lonis et al., 2021).

4.1. Solar thermal

Solar thermal technologies are quite suitable for the generation of
low and medium-temperature process heat. As the main representative,
food and beverage industries utilize solar thermal technologies for
washing, drying, and pasteurizing processes, while solar heat can assist
textile sectors in washing and bleaching processes. The solar heat is
directly used in the above-mentioned processes or is utilized for the
generation of steam, which can be inserted into various processes.
Moreover, chemical, petrochemical, pulp, and paper sectors are the
other industries that can benefit from the solar heat. In 2019, the
worldwide installed solar thermal plants could save 41.9 million tons of
oil and consequently, 135.1 million tons of CO, in all the sectors.
Reaching high temperatures of around 400 °C by concentrating solar
thermal panels increases the industrial implementation of this technol-
ogy. However, the main share of the industrial market requires tem-
perature ranges between 180 and 250 °C (Schoeneberger et al., 2020).
To achieve high-temperature heat for processes, concentrating solar
panels including parabolic trough concentrators, vacuum tube collectors
with aggregated parabolic concentrators or parabolic dishes have been
installed (Afrin et al., 2021; Carolus et al., 2019; IRENA, 2014; Lizana
et al., 2020). Concentrated solar power is a promising technology for
high-temperature electrolysis systems as well (Mastropasqua et al.,
2020). In addition, 80% of the reached radiation on the surface of
photovoltaic (PV) panels can be converted into heat, which harms
electrical efficiencies. Hence, researchers have investigated the combi-
nation of PV with thermal collectors to upgrade the efficiency of the
system, while generating heat and electricity simultaneously (Zhang
et al., 2014; Zhou et al., 2021a).

4.2. Geothermal

When the distance between a geothermal heat source and an in-
dustrial plant is close enough, direct utilization of this green heat is
possible. For example, the direct utilization of geothermal heat in Ice-
land and Greece has been the drying of fish and tomatoes, respectively
(IRENA, 2014). In the United States, geothermal deep is directly utilized
for heating, cooling, and thermal energy storage (Beckers et al., 2021).
Research efforts have shown that geothermal resources in the USA can
provide a cost-competitive, low-carbon, and flexible energy that can
replace the existing coal and combined-cycle gas turbine to provide a
significant long-term greenhouse gas mitigation (Ball, 2021; Hamm
et al., 2021). Moreover, many geothermal fields in Chili are under
development, but some are facing the expansion (Letelier et al., 2021;
Maldonado et al., 2021; Maza et al., 2021; Montecinos-Cuadros et al.,
2021). Geothermal heat can be converted into electricity via steam
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power or the organic Rankine cycle (Gunnlaugsson, 2021; Jolie et al.,
2021; Rajabloo, 2017; Rajabloo et al., 2016; Sanchez-Pastor et al.,
2021). Moreover, this kind of heat source can be managed for the
cogeneration of heat and power, especially for local utilization (Eyerer
et al., 2020).

4.3. Biomass

Biomass can grow in a rather short time, which is considered a
valuable renewable resource. Once it is combined with emission-free
handling and transport, biomass can be contemplated as a near-zero-
emission source in the long-term because of recapturing of CO, for
their growth and returning of carbon into the biosphere. Hence, the
emitted CO, from the biomass processing and combustion can be
circulated, while emission from fossil fuel combustion cannot be natu-
rally recaptured (Avila et al., 2018; Patel et al., 2016; Sedjo, 2011).

Biomass represents both a medium to high process heat production
and the potential feedstock for the chemicals and polymers (Centi et al.,
2019; Goémez-Marin and Bridgwater, 2020; Patel et al., 2016). As for
heat generation, biomass resources such as wood, bark, charcoal, and
rice husk can feed the steam boilers and small-scale blast furnaces
(IRENA, 2014). Conversion of biomass to bioproducts via the thermo-
chemical conversion process such as pyrolysis (torrefaction), hydro-
thermal treatment, gasification, and combustion has been investigated
(Aliyu et al., 2021; Bridgwater and Boocock, 2013; Park et al., 2022; Seo
et al., 2021). Moreover, lingo-cellulosic biomass can be utilized for the
production of pyrolysis oils or bio-oils, which are considered as cheap
liquid biofuels (Vispute et al., 2010). For high-temperature heat pro-
duction, gasification of biomass is required. However, steam generation
through the direct burning of biomass has around 75-90% efficiency,
which is less than the burning of fossil fuels with an efficiency of 85-90%
(Adams et al., 2018; IRENA, 2014; Reddy et al., 2020a; Reddy et al.,
2020b).

Bio-based fuels as an important primary and carbon-neutral renew-
able energy source have some advantages and disadvantages as well
(Nguyen et al., 2021). The advantages of biofuels are biodegradability
and production from the renewable biomass resources such as crops,
municipal waste, sewage from animals, and forest residues. Biofuels as
non-toxic fuels can be utilized in transportation as well as the generation
of cleaner and affordable electricity, since it is harmless to the sur-
rounding environment. Moreover, biofuels can integrate with other
energy resources such as coal and solar PV for hybrid applications
(Sivabalan et al., 2021).

On the contrary, the disadvantages for biofuels are higher production
costs in comparison to fossil fuel alternatives, the required pretreatment
of biomass for biofuel applications such as evaporation of water existing
in the row materials, the technology gaps especially for algae included
biomass sources, decentralized production besides the complexity of
production, low heat value, transportation, harvesting and pretreatment
before biofuel production, and the policy gaps to overcome these chal-
lenges (Banu et al., 2021; Kargbo et al., 2021; Karka et al., 2021; Siva-
balan et al., 2021; Wu et al., 2021a; Yang et al., 2021). The biofuels can
be obtained from various biomass resources in which carbon to
hydrogen (C/H) ratio is not always high enough. The low C/H ratio leads
to less heating value and aggregated quality of the syngas. Therefore,
supplementary actions such as co-pyrolysis of several biomass feed-
stocks with coal and/or plastic waste are needed (Ge et al., 2019a;
Kawale and Kishore, 2020; Meier et al., 2013).

Hydrocarbons with more than eight carbon atoms in their molecules
(Cg) oxygenates are the highly attractive fuel compounds, since they
significantly reduce the soot emissions and minimize the nitrogen-oxide
(NOy) production. Biofuels include biodiesel, alcohols, and polyoxy-
methylene dimethyl ethers (PODE) that are mainly produced from the
bio-based resources via transesterification, fermentation, and the
Fischer-Tropsch process. The other drawback of biofuels is the presence
of unsaturated oxygenates, which are the predominant coke precursors
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because they can interact with the catalytic surface (Dimitriadis et al.,
2021; Meyers et al., 2019; Wu et al., 2021b).

About the production of chemicals, biomass can be valorized through
electrocatalytic technologies and coupled redox reactions for the pro-
duction of bio-based molecules such as aliphatic dicarboxylic acids
(Centi et al., 2019). Moreover, the laboratory-scale process of oxidative
coupling of methane (OCM) process is a shred of good evidence for
improvement of the technology to reach commercial sizes that can be
installed as distributed by the small size plants (Wang et al., 2015).
Distributed processes are interesting for better local integration of the
resources as well as improvement of the local economics and circularity
(Corma et al., 2017; Mousa et al., 2016).

4.4. Feedstock for chemicals and polymers

Previous decades of converting fossil hydrocarbons into basic
chemicals have generated raw materials to feed the chemicals and
polymer factories. The conventional technology for the production of
main chemicals such as ethylene, propylene, butadiene, and aromatics is
steam cracking, which utilizes large amounts of naphtha and ethane/
propane worldwide. Moreover, feedstock for the production of ammonia
and methanol is natural gas and coal. As for the carbon black and car-
bides, oil and petroleum coke are utilized, respectively. Currently, the
share of biomass on feedstock supply for petro-/chemical sectors is very
small. The increasing share of biomass in the chain of raw materials for
polymers and fibers production is expected to increase up to 90%. These
technologies include the utilization of natural polymers directly or the
conversion of biomass via thermo-chemical processes (IRENA, 2014).
Metabolically engineered microbes can also participate in the produc-
tion of different chemicals and fuels. Therefore, waste to chemicals or
energy nexus is considered an alternative carbon source that can play an
important role in manifold carbon resources for the production of
chemicals. Food crops and pure carbohydrates such as glucose or other
lignocelluloses are easy to grow, which can be metabolized by the mi-
crobes (Zhao et al., 2019). As another case in point, microalgae-based
CO., fixation is possible through the harvesting of algal biomass to
produce bio-fuels and bio-products such as food and fine chemicals
(Hajilary et al., 2019; Zhou et al., 2017).

Global demand for plastics has increased in recent decades due to
their specific properties such as low cost, high versatility, and lightness.
Therefore, more research is being carried out on the improvement of the
plastic sector and processes. Green-PVC is also getting more attention,
which can be originated from the fully recycling industrial waste as well
as the renewable resources. As a case in point, Correa et al. (2019)
investigated reusing of PVC- pipes for developing this new recyclable
and green source. They addressed that conventional plastics can be
reused not depending on their sources which can be either fossil-based
feedstock or renewable sources. Indeed, utilization of recyclable re-
sources decreases GHG emission as well as the dependency on petroleum
and its products. As an example of green feedstock for the plastic sector,
bioethanol from sugarcane is converted successfully into polyethylene.
In addition, chemical recycling of waste plastics and polymers can be the
assisting resources conservation, which leads to less dependency on the
feedstocks, especially the fossil-based ones (Dimitris and Achilias, 2014;
Qureshi et al., 2020; Ragaert et al., 2020). In this way, a combination of
different technologies is required to cover the recycling of various
plastic waste stream types (Pohjakallio et al., 2020; Vollmer et al.,
2020).

4.5. Developing alternative carbon sources for industries

In the industrial sectors, GHGs are emitted from the products and
processes in addition to heat production. This makes the decarbon-
ization of industrial sectors more challenging and complex in compari-
son to other sectors such as building and transportation (Vine and Ye,
2018). Moreover, some industrial sectors such as metal industries
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necessitate high-temperature heat in their processes that can diminish
the implementation of renewable energies (Mekhilef et al., 2011). Being
dependent on fossil fuels, more than 95% of the current petrochemistry
requires further attention on the implementation of green resources.
Direct electrification of Ells with green electricity is one of the best
options for both process- and non-process-emission reduction. However,
current technologies and green electricity production rates cannot fulfill
the requirements of EIl subsectors. Therefore, the development of
diverse green feedstocks, COy capturing, promote rural production
based on local resources, partial integration of renewable energy, and
implementation of novel technologies are the most important steps in
close future. However, this multi-aspect approach requires considerable
research efforts and investments for the minimization of emissions from
the petrochemical sector (Centi et al., 2019; Mekhilef et al., 2011;
Songolzadeh et al., 2014).

Bio-based processes, fuel cells, and hydrogen storage are the other
structures for the integration of green hydrogen into the power system.
Combining the above-mentioned technologies with green electrolysis
can effectively play an important role in industrial decarbonization as
well (Yue et al., 2021). Electrolysis is an electrochemical separation
technique that does not require excessive thermal energy and can be
utilized for hydrogen production. Hence, carbon-neutral hydrogen could
replace the current hydrogen from natural gas using the existing natural
gas transport infrastructure. However, the production of hydrogen via
carbon-neutral electrolysis is high energy-intensive with electricity re-
quirements of around 270-300 kJ/m? (Centi et al., 2019). The current
scientific studies are investigating affordable green hydrogen produc-
tion at higher capacities (Minke et al., 2021).

Hydrogen is promising toward decarbonization of industrial sectors
and accelerating the energy transition. Industries can benefit from par-
tial replacement of utilized fossil fuel for heat generation with hydrogen.
(Lietal., 2020; Yue et al., 2021). Due to the resilient nature of renewable
electricity production and considering daily pick demand periods of
electricity demand, the production of hydrogen from electrolysis is one
of the solutions for satisfying the grid stability. Hydrogen as molecular
storage can assist the capacity of other types of electrical storage espe-
cially in the case of onshore production technologies (Chen et al., 2021;
d’Amore-Domenech and Leo, 2019; Dresp et al., 2019).

5. Industrial decarbonization

The newborn state-of-the-art technologies are built on the applica-
bility and operating assumptions for future industrial-scale imple-
mentations. Therefore, the range of minimum and maximum
decarbonization probability has a huge effect on their realization and
installation (Avila et al.,, 2018). Apart from this uncertainty, GHG
abatement could require external infrastructure for both inter-and
cross-sectional emission reduction. These technological and economic
issues are more significant for the existing process equipment of EIls
because they are designed and manufactured for long-term working.
Hence, replacement and update of them by new technologies is highly
dependent on the start of installation and their remaining lifetime as
well as the operational costs and prices of the expected technologies.
Therefore, new technologies, which can assist functioning industries
with emission reduction such as waste heat recovery and recirculation,
CCS/U, altering feedstock to bio-based and recyclable resources are
crucial for deep decarbonization in the near future. In parallel, maturing
of the novel processes can also end up with the energy transition (Avila
et al., 2018; Galik, 2019; Rajabloo, 2019).

5.1. Green chemicals via renewable resources

In contrast to other industrial sectors, the full decarbonization of the
chemical sector is not applicable due to the carbon-based nature of the
feedstocks and the main products. The more viable option is to utilize
green resources and raw materials to decrease the carbon footprint. For
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example, a combination of large-scale bio-based raw materials and
green electricity is a sustainable and climate-friendly solution, which is
called “bio-refinery”. Chemicals via CO, routes are also in the same
category, but more advanced technologies are required to make them
viable at large scales. This new technology implements the direct routes
of CO5 methanation such as thermo-catalytic hydrogenation of CO5 to
synthetic methane via plasma technology and the Sabatier process,
which is the direct catalytic conversion of Hy and CO,. The process can
be followed by converting the final methane into olefins, aromatics, and
polymers (Engelbrecht et al., 2020; Jesi¢ et al., 2020; Olah, 2013; Sun
etal., 2017; Vogt et al., 2019). Yet as a key chemical product, methanol
plays an important role in chemical industry feedstock for the produc-
tion of chemical intermediates such as formaldehyde and acetic acid,
which in turn can be used to produce daily items like paint, adhesives,
and plastics (Hatti-Kaul et al., 2020; International, 2019; Vu et al.,
2020).

Methanol was traditionally produced via destructive distillation of
wood, giving it the name “wood alcohol”, but current routes used for
methanol production rely on natural gas, oil, or coal as the feedstocks
(International, 2019). On the other hand, both methanol and high added
value chemicals can be obtained by the modern green-based technolo-
gies with green Hy and CO, as initiatives to replace the fossil fuel-based
hydrocarbons and refining technologies (Wang et al., 2015). Further-
more, regional strategies such as circular economy, flexible production
units, which can vary in volume or type of final products, integration of
energy storages, capture and storage of CO, (Duraccio et al., 2015; Espie
etal., 2021; Ros et al., 2014), and utilization of innovative technologies,
especially purification and separation methods (Centi et al., 2019;
Grasso et al., 2019) are important aspects to support decarbonization of
the chemical sector.

5.2. Carbon capture and utilization (CCS/U)

Although optimization of the current industrial processes has the
lowest cost, it is not sufficient for emission reduction. The current pro-
cesses are well matured following the current economical rules to get the
highest benefits. Moreover, technologies are developed based on fossil
fuel feedstocks and energies. Hence, innovative technologies and stra-
tegies which consider emission reduction as one of the important pa-
rameters toward optimization are required in industrial sectors.
Furthermore, most of the chemical products contain carbons which
make the carbon-neutrality impossible to achieve and the emission can
release at feedstock preparation, the processing steps, and even from the
final commodities. Therefore, carbon capture and storage (CCS) besides
the electrolysis by green electricity, alternative feedstock, and novel
membranes are essential for the industry, which can offer the highest
emission reduction potentials for the current technologies (Gholami
et al., 2017; Rezakazemi et al., 2019; Zhang et al., 2021). Accordingly,
these inventive approaches can support flexible energy networks and
improve the local energy roadmaps. Although the above-mentioned
abatement options are not expected to reach the market before 2030,
the concept of CO;, storage systems is under development through
different studies.

The CCS is one of the most striking technologies in the near future to
decarbonize the industry and is also essential for reducing the CO4
emissions of Ells, especially the petrochemical sub-sectors in which CO4
emission is unavoidable (Duraccio et al., 2015). CCS focuses on the
filtration of CO, from flue gasses or streams such as syngas before
entering into the process at various parts of the chemical production
units. However, specific characteristics of the industrial exhaust and flue
streams determine the applicability of CCS. Various technologies used
for CO; capture have been investigated and the leaping of the knowledge
to enhance capturing and storage processes as well as commercialization
of the well-studied techniques was well-realized (Gale et al., 2009;
Galvez-Martos et al., 2018; Meng et al., 2018). However, the main
challenges ahead of CCS technology are cost issues and the overall
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cost-effectiveness at both sides of direct capturing from the air and the
storage (De Luna et al., 2019; Harker Steele et al., 2021; Regufe et al.,
2021). The other challenges ahead of CCS are transporting and storage
capacity of CO, which has massive volume, the liability of CO; release
both during transport and storage, and the long-term ownership of CO,
sinks.

The storage of captured carbon requires high investments, so utili-
zation of the captured CO- is to be done in parallel. Moreover, carbon
capture and utilization (CCU) as a replacement of fossil-based feedstocks
can provide business, support the economy and markets as well as can
effectively help the stabilization of electricity grids by moderating their
dependency on the fluctuating renewable electricity (Mennicken et al.,
2016; Van Dael, 2018). Once the CCU technology matures, recycling of
CO9, at a large scale can shift the emission curves to negative slopes in
shorter times by bringing the waste streams into recirculation and
altering the fossil feed-stocks (Jesi¢ et al., 2020; Koytsoumpa et al.,
2018).

5.3. Implementation of CCS/U in the chemical industry

Even though chemicals and petrochemicals are strategic for the
global economy, they have the highest intensity regarding the energy
requirements by a worldwide demand share of 14%. Supplying 90% of
the energy requirements at these sectors from oil and gas, these are
responsible for 5% of global CO, emissions into the atmosphere, which is
equal to 1.5 billion tons every year. To surge the international oil de-
mand and provide environmentally benign feed-stocks, immediate ac-
tions are necessary for petrochemical sectors (Capocelli et al., 2019;
Giilec et al., 2019; Mikulcic et al., 2019; Tan et al., 2021).

The common chemical processes such as ethylene and ammonium
oxidization involve high purity CO, emission and are the low hanging
fruits for carbon capture and storage. Similarly, other chemical sectors
need to be investigated for their GHG level and their purity levels, which
illustrate the hierarchal order of the sub-sectors towards emission
reduction. Five commercial-scale CCS projects are demonstrating the
possibility of industrial carbon capture worldwide. As a case in point,
the Sleipner and Snghvit (Norway), and Salah (Algeria) have investi-
gated the stripping of CO, from high-CO; content natural gas to achieve
the sales-grade quality of the natural gas. The striped and collected COy
is stored securely in deployed wells and underground geological for-
mations. As another case, the Rangely project (United States) uses CO2
captured from the natural gas processing at ExxonMobil LaBarge gas
plant in Wyoming to enhance the oil recovery, and stores some part of
the captured CO; at the Rangely field in Colorado (Hajilary et al., 2020;
Jiaetal., 2019; Karacan, 2020; Lake et al., 2019; Lee et al., 2019; Pandey
et al., 2022; Zakkour and Cook, 2010).

5.3.1. Reduction of CO3 to higher value-added chemicals

Apart from the quickest utilization of CO3 in oil extraction wells and
production processes, direct reduction of COy by the heterogeneous
electrochemical techniques into high-added-value chemicals such as
methane, ethylene, oxygenates, methanol, alcohols, olefins, and formic
acid can be the other achievements of CCU studies. It was proved to
convert CO; directly into Cy molecules by changing the parameters of
the processes such as pH or pressure in an electrochemical reactor using
plasma technology (van Kranenburg et al., 2016). These molecules,
which can respond as E-Molecules as well as the energy carriers are
important chemical commodities that can be burnt as fuels. Thus, the
CO, conversion assisted with the green hydrogen, but it requires
renewable electricity or other clean resources such as nuclear to fulfill
emission-neutral requirements. Lack of green electrical resources can
add even more to COy emission into the atmosphere during the pro-
duction of electricity (Hoppe et al., 2018; Whipple and Kenis, 2010).

Plasma technology is appropriate for gas conversion applications and
is an innovative route for the conversion of CO, into value-added mol-
ecules (Jesic et al., 2020; Lu et al., 2020; Olah, 2013). The methanation

Journal of Environmental Management 302 (2022) 114055

reaction occurs via the catalyst illumination of CO; in a photothermal or
plasmon-driven method, wherein the local temperature increases by
light absorption, which can initiate the reaction with the excitation of
electrons (Fresno et al., 2020; Gao et al., 2020; Khatun et al., 2019;
Ulmer et al., 2019). The efficiency of photo-catalysis together with the
separation efficiency of the photo-generated charges are the main pa-
rameters that can control the plasmon-driven CO, methanation process
and reaction rate onto the surface of the catalyst (Xie et al., 2020).

5.3.2. e-Methanol production and its utilization in chemical industry

Over the past decade, the production of methanol from CO; in
combination with renewable energy has started at the demonstration
phase to prove industrial-scale applications. The CO, is converted into
the value-added chemicals and fuels such as methane (CH,4), methanol,
and carbon monoxide (CO) in which methanol (MeOH) is the most ob-
tained product (Adnan et al., 2021; Sahoo et al., 2022). Between these
products, MeOH has a high energy density as well as the highest CO,
sequestration potential. Moreover, MeOH, which is a liquid at room
temperature has the large demand as both a fuel and a basic feedstock
chemical (Sarp et al., 2020; Vo et al., 2021). The pioneer to convert CO5
into MeOH is the CRI company with a pilot plant installation in Iceland
for methanol production in which CO, comes from flue gases of the
geothermal power plant and H, was generated via the renewable
electricity-assisted water electrolysis (Al-Qahtani et al., 2020; Bos et al.,
2020; Crivellari et al., 2019; International, 2019; Lonis et al., 2019;
Nami et al., 2019). Fuel production from COy and green powers was
considered as an energy storage medium to improve the flexibility of the
energy system (Adnan et al., 2021; van Kranenburg et al., 2016).

The conventional production of methanol led to the emission at
resource extraction, processing, and production stages that was equal to
0.7 t of COy per 1 ton of produced methanol based on natural gas
reforming (Ingham, 2017) and 3 tons CO. for the coal gasification
process (Qin et al., 2016). Emission values were considerable by con-
trasting the emission reduction through industrial CCU, which utilized
more than 1.3 tons of CO, for 1 ton of methanol production (Interna-
tional, 2019). Furthermore, e-Methanol offered an alternative feedstock
for the methanol-to-olefins (MTO) process, which is currently fossil
fuel-driven. e-Methanol can be further converted into more complex
intermediates or solvents such as benzene, toluene, and xylene, which
are traditionally produced from the oil (Ahmadipouya et al., 2021; In-
ternational, 2019; Muradov, 2014; Ouda et al., 2019; Soroush et al.,
2018).

5.4. CO; storage for decarbonization systems

5.4.1. CO, storage via carbonation of minerals

An advanced methodology has shown the possibility of CO, injection
into the concrete. The pressurized CO3 liquid is then delivered into the
wet concrete during the mixing step in the concrete-curing process. By
this, the quality of the concrete remains the same or better than those of
the conventional products. The absorption rate of the injected CO;
which is converted permanently into a solid mineral was 3.5 kg of CO»
per one cubic meter of the concrete (Zhan et al., 2016; Zhu, 2019). The
other CO; storing possibility is the natural process that has trapped COs,
oil, and gas for millions of years. Both oil and gas fields, as well as deep
saline aquifers, are suitable underground candidates because they have
the required geological features for CO4 storage. The porous rock layer
absorbs the liquid CO, while it is sealed by the impermeable layer of the
caprock (He et al., 2011; Shabani et al., 2020). One of the existing CO5
infrastructures in Europe is located in the North Sea (Alcalde et al.,
2021; ML Veloso et al., 2021). The first four European countries
regarding the capacity of CO, storage in deep saline aquifers and hy-
drocarbon reservoirs are listed as Norway, Germany, United Kingdom,
and Spain (Abdelaal and Zeidouni, 2022; ML Veloso et al., 2021; Sun
et al., 2021).
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5.4.2. Copolymerization of CO»

By utilizing appropriate catalysts, CO3 can be stored inside of some
polyols during the polymerization of epoxides, resulting in poly-
carbonate polyols. Although the final product was changed in their
properties such as increased viscosity, they have the new properties as
an advantage, which can be suitable for other applications. As a case in
point, COz-absorbed polyols for polyurethane production can be utilized
as foams in car seats and mattresses. The homogenous catalyst system
for the absorption of CO; inside the polymers is developed by Econic
Technologies in the United Kingdom (Zhu, 2019). This innovative
technology allows waste CO2 to be used as a feedstock in polymer
manufacture, replacing up to 50% of traditional oil-based raw materials.

6. Electrification of the chemical industry

Electrification of the chemical industry can significantly decrease
CO, emissions due to the replacement of fossil fuels by renewable
electricity. However, the sensitivity of petrochemical processes besides
the high temperature and pressure requirements of this energy-intensive
sector needs robust and reliable green electricity resources, which can
impose enormous technical and economic hurdles (Centi et al., 2019).

6.1. Renewable electricity technologies for industrial usage

The essential energy requirement of industries is under development
to reach the industrial scale replacement of fossil-based heat by elec-
tricity or bio-based methanol. Hydrogen from the electrolyzers has been
the other significant electrified technique that can play an important
role in emission reduction of refineries and petrochemical plants. On the
other hand, electrolysis can be an electricity-intensive process that re-
quires low-cost green electricity (IRENA, 2014; Li et al., 2021b). In
parallel, process integrations beside the new processes that are assisted
by the novel catalysts can optimize the energy consumption of petro-
chemical plants. However, the renewable energy resources and tech-
nologies are not sufficient yet to fulfill the industrial energy demand.
Therefore, a thorough energy demand investigation of high emission
industrial subsectors, processes overview, data collection, and market
modeling is vital for multi-pronged integration of various processes or
replacement of the traditional ones with state-of-the-art technologies
(IRENA, 2014).

6.2. Cracking with electricity

Steam cracking, which is considered the most important chemical
process worldwide, is a multi-product process in petrochemical sectors
for the production of high-value chemicals. Long-chain hydrocarbons
encounter high temperature and pressure steam to break down into
chemical molecules with a short-chain (Boulamanti and Moya, 2017a).
However, thermal steam cracking of light naphtha occurs at tempera-
tures above 800 °C, and cracking furnaces were followed by quenching,
compressing, and separation units including energy losses as well
(Boulamanti and Moya, 2017b). Besides the heat delivery, steam is one
of the chemical feedstocks at many petrochemical processes, where the
products of steam crackers are mainly ethylene and propylene besides
benzene, butadiene, and hydrogen (Boulamanti and Moya, 2017a).
Ethylene is one of the commodity chemicals, which is being produced at
the largest volume worldwide. It is one of the main building blocks for
producing the polymer plastics and fibers organic chemical sectors to
produce packaging materials as well as it is being utilized for trans-
portation and construction industries (Boulamanti and Moya, 2017a).

In the steam crackers, steam participates in the reaction during the
cracking of hydrocarbons, whose recycling is somewhat less feasible.
Overall, the steam crackers are energy-intensive, which has taken high
attention towards the possible electrification. Consequently, the pro-
duction of these large amounts of heat has made the steam crackers one
of the highest GHG emission sources. Electrification of steam crackers is
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one of the ambitious goals that the Dutch industries are making efforts to
reach out (Tsiropoulos et al., 2018). Heating with electricity requires
new metallic materials with high thermal stability while encountering
electric currents, but still, it is the most challenging issue ahead. The
technologies under development are mainly to utilize coil surrounded
tubes for heat generation and the new reaction system known as the
Roto Dynamic Reactor (RDR). RDR is supplied by an electric motor to
reduce both pressure drop and residence time, thereby achieving better
selectivity leading to a lower specific energy consumption (Amghizar
et al., 2020). Once, the required electricity is provided from renewable
resources, significant emission reduction is viable. The mentioned
electrification technologies are, thus in the research stage that is almost
close to the pilot demonstration phase, which requires further study to
be installed in industrial plants.

As per the primary results of different research findings, the pilot-
scale of electrified crackers will be installed in the near future, while
scaling up to industrial level requires more time. Once the electrified
crackers become commercially available, all naphtha and ethane
crackers will follow, and hence, this step is an important milestone in the
development. The other issue ahead of the mentioned electrification is
supplying electricity from renewable resources instead of natural gas
(Layritz et al., 2021).

6.3. Collaborative efforts of all stakeholders

In efforts to accelerate the electrification of industries collaborative
efforts of all the stakeholders are required. Electrification provides new
opportunities for chemical industries by establishing green re-
placements to the current burning of fossil fuels as well as introducing
the new feedstocks and products, which are mainly in higher-value
segments (van Kranenburg et al., 2016). Since the efforts of individual
sectors should satisfy their confidentiality, keeping the essential data as
black boxes is required. In this way, sharing of the data outside the
battery limits of each plant or sector will facilitate the collaborative
investigations, symbiosis, and electrification of the industrial sector
during the energy transition period.

6.4. Types of electrification

Parallel to the replacement of fossil fuel-based heat by the green
electricity, management of demand-side, and installation of electrical
and thermal storages, and electricity can well be converted into other
resources at the industrial level. Hence, industries can participate
actively in demand management through various routes of electrifica-
tion, called Power-to-X, which are Power-to-Heat, Power-to-Hydrogen,
Power-to-Specialties, and Power-to-Commodities (van Kranenburg
etal., 2016). These terms refer to the conversion of renewable electricity
into heat and chemical products when the grid electricity demand is less
than the production capacity and these are further explained in the next
sections.

6.4.1. Power-to-heat

Power-to-heat is the conversion of electricity into heat for both en-
hancements of low-grade heat and steam generation. Electricity can be
directly converted into heat to cover the process heat demand or can be
utilized to upgrade the steam and waste heat to make them suitable for
recirculation in chemical processes. Here, the availability of low-cost
electricity in comparison to natural gas price is crucial and can be
adjusted by getting integrated into a flexible energy network to utilize
the electricity when its price is low. Implementation of heat pumps,
which are driven with electricity belongs to this category as well and can
provide low-cost heat. Moreover, the fast response of power-to-heat
technologies provides good resilience for fluctuating green electricity,
which is expected to be the first approach for chemical industries to-
wards electrification on a large scale (van Kranenburg et al., 2016).
Hence, the stakeholders of power-to-heat are petrochemical industries,
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energy sectors, equipment suppliers, business customers, and consumers
as the end markets. Governments also play an important role to satisfy
the requirements of stakeholders for the implementation of this tech-
nology. Fig. 3 depicts the relations of stakeholders and their interests as
a whole picture (van Kranenburg et al., 2016):

6.4.2. Power-to-Hydrogen

The current produced Hj is called grey Hy due to being fossil-based
and having CO; as a by-product (Chai et al, 2021).
Power-to-hydrogen is about the utilization of electricity for water elec-
trolysis to produce hydrogen for commercial applications at many in-
dustrial processes (Ayers, 2017; van Kranenburg et al., 2016). For
example, hydrogen is a critical feedstock for the chemical processes to
generate methanol, ethylene, and ammonia. However, hydrolysis-based
hydrogen production is currently more expensive than its production
from natural gas, which is an electricity-intensive process (van Kra-
nenburg et al.,, 2016). Some of the biggest challenges for using the
power-to-hydrogen are their lifetime, maintenance issues, and
improvement of their efficiency. On the positive side, electrochemical
synthesis is the emerging new production route for chemical molecules,
which are expensive or require severe conditions in traditional path-
ways. Moreover, this route enhances the petrochemical sectors by
providing higher selectivity and purity of the final products (van Kra-
nenburg et al., 2016).

The novel electrolyzers that are equipped with new technologies
such as anion exchange membrane or solid oxide electrolyzers are under
development, but these are not matured yet on a commercial scale, but
they can lead to significant cost reductions in parallel to the supply chain
establishment (Lu and Jiao, 2016; van Kranenburg et al., 2016). Many
laboratories and industries have utilized the controlled flow reactor
containing parallel plane electrodes for industrial and commercial ap-
plications (Rivera et al., 2015). Fig. 4 depicts the enlarged typical
electrochemical cell and its components that are now commercially
available (van Kranenburg et al., 2016). The produced hydrogen can be
utilized directly, stored for future utilization or it can go to methane
production processes together with CO,. Both Hj storage and E-mole-
cules productions are the methodologies for storing low-cost seasonal
renewable electricity for later consumption (van Kranenburg et al.,
2016).

The hydrogen from electrolysis covers a short portion of current
production that suffers from energy and cost insensitivities. Steam
reforming of biomass is one of the new technologies, which can make the
greener production of Hy (Chai et al., 2021; Li et al., 2022b; Spragg et al.,

— Cost reduction
— Development

of new products
— Sustainability

— Develop new
technology
with chemical
industry

Journal of Environmental Management 302 (2022) 114055

2018). Numerous biological upgradation techniques were used to
convert COy and hydrogen into CH4 (Chen et al., 2022; Garcia et al.,
2021). The main metabolic pathways for Hy production from the
bio-feedstocks are categorized as direct and indirect pathways.
Howerve, the direct methodology is through the hydrogenotrophic
methanogens conversion of CO, into methane, while the indirect one
utilizes homoacetogenic bacteria to convert carbon dioxide into acetate
and then to CHy. The other indirect routes are bio-photolysis, photobi-
ological fermentation, and the utilization of carbonic anhydrase enzyme
for the enhancement and breakdown of CO, and CH4 production with
purities between 95 and 99% (Chai et al., 2021; Thiruselvi et al., 2020).

6.4.3. Power-to-specialties

Power-to-specialties is another direct production of fine and spe-
cialty chemical intermediates and products by the direct electro-
chemical synthesis routes from both the conventional and biomass-
derived feedstocks. This methodology is already employed by some
companies to substitute highly inefficient traditional production routes
and for the cost-savings, but the worldwide implementation of electro-
chemical technologies requires more time (van Kranenburg et al., 2016).

6.4.4. Power-to-commodities

Power-to-commodities is the direct production of chemical com-
modities in large volumes by the direct electrochemical synthesis (both
centralized and decentralized). This process can utilize both conven-
tional and sustainable feedstocks such as CO.. For specific cases,
decentralized electrochemical production is a proper strategy for mid-
term chemical commodities production. For long-term energy transi-
tion to renewables, the centralized power-to-commodities will improve
the replacement of oil and natural gas via clean electricity (van Kra-
nenburg et al., 2016).

6.5. Attention-seeking technologies

The focus of power-to-x is the direct utilization of electricity for heat
generation and chemical conversion. However, there are other tech-
nologies for the chemical conversion of molecules such as microwave,
plasma, and photo-catalysis having considerable benefits in some pro-
cesses over conventional electrochemistry. These technologies activate
the molecules, which are different from the activation that occurs
through electrochemistry or conventional thermochemical processes.
The mechanism involves the generation of free radicals and specific
vibrational excitation, which makes these technologies suitable for the

— Wish for greener products
with new functionality
— High quality, low price

— Net stability
— Optimise investments
in grid

— Sustainability targets
— Strengthen economic
position

Fig. 3. Stakeholders and their interests in electrification (van Kranenburg et al., 2016).
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Fig. 4. Schematic view of FMO01-LC electrochemical cell involving the fabrication components (van Kranenburg et al., 2016).

reduction of high stable molecules such as CO,. Moreover, these tech-
nologies that are not yet mature at the commercial scale, lead to an
increment of product yields and energy efficiencies. Hence, chemical
industries will encounter an evolution that can act as the game-changers
encountering electrification (van Kranenburg et al., 2016). As a case in
point, microwave plasma and catalyst-assisted plasm (Ge et al., 2019b)
technologies have been developed for CO, reduction; its major concept
is depicted in Fig. 5a, in which the enlarged plasma reactor is illustrated
in Fig. 5b (Ashford and Tu, 2017; Javier et al., 2016; van Kranenburg
et al., 2016).

6.6. Need for flexibility in electricity system

One important aspect of sustainability targets is their influence on
the energy sector. For example, emission-free electricity will drastically
change the landscape of power generation and as a result in new stan-
dards, while fossil energy sources will phase out by 2050. Transition to
renewable energy is thus the only possible way by expanding the low-
capacity decentralized energy generation. Hence, the role of in-
dividuals and companies in electricity and heat production is increasing
that will lead to considerable changes in supply and demand profiles
(van Kranenburg et al., 2016; Zhang et al., 2016a).

The local and decentralized renewable electricity is not steady due to
fluctuations in the resources. To overcome this instability and improve
the reliability, boosting of flexibility at both production and demand
sides as well as the development of dispatched models are required.
Furthermore, advanced energy storage is becoming important in the
integration of renewable energy sources with electricity systems (Alavi
et al., 2020; Arbabzadeh et al., 2019; Mehrizi et al., 2020). Several
studies have investigated various energy storage technologies to opti-
mize the investment and operational costs taking into account the
different COs-tax policies along with the varying renewable penetra-
tions. Both thermal and electrical storage is required to improve the
stability of the energy system (Arbabzadeh et al., 2019; Fragkos et al.,
2017).

The electrification of the chemical industry can play an important
role in conquering the fluctuating renewable availability and enhance-
ment of the demand-side flexibility, which is a win-win approach for
both the chemical industries and the energy sectors. While the energy
sectors take advantage of a flexible grid for investment optimization,
benefits for chemical sectors remain on the cost reduction to upgrade the
output and products. The optimization parameters also are to include
other parameters such as high efficiencies over the oscillating loads, the
fast-respond start-up and shutdown times, low-cost maintaining, higher
lifetime as well as flexible operation (van Kranenburg et al., 2016).
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Overall, the potential benefits of electrification can be categorized as
an increment of the controllable load in the electricity system to better
align the demands with the fluctuating supply. Therefore, hybrid sys-
tems that can switch between fossil fuels, electricity, and multifunc-
tional equipment driven by either natural gas or electricity are required.
For the initiating steps, the potential of load balancing capacity at
different industries and their sub-sectors can provide a horizon towards
the application installation. Therefore, developing a merit-order graph
for different electrification options, industrial sectors and their opera-
tional margins become necessary (van Kranenburg et al., 2016).

7. A roadmap for innovation

The necessity of co-operation and possible integration of different
sectors towards the energy transition and industrial decarbonization can
generate a multi-aspect symbiosis. However, putting along the various
efforts to reach the aim of emission-free energy and material production
will help to make regulations for the development of a circular economy
and ecosystem. This multi-faceted regulations provides tasks for the
stakeholders to be benefitted (van Kranenburg et al., 2016). These
include: (i) identifying the ‘low hanging fruit’ for short term application
and electrification of industrial sub-sectors; (ii) continual technology
and business development; (iii) collaborative efforts on innovative
technologies and research infrastructure use; (iv) building the innova-
tive business models based on the demand- and load-response merit
orders and (v) upgrading the costs scenarios for energy, raw materials,
and finished products.

For a multi-faceted approach, three main approaches are identified
and discussed towards the GHG emissions in chemical industries, but the
potential of COy reduction is the lowest in the case of classic decar-
bonization solutions. The major efficiency improvement technologies
and energy consumption optimizations are carried out within the ma-
jority of the companies, which consequently have led to emission
reduction. Furthermore, newer technologies such as innovative waste-
heat recovery and utilization of novel efficient process equipment can
assist the GHG emission reduction further as a typical way and in short-
term approaches. However, the classic solutions include low costs and
risks; in contrast, the state-of-the-art technologies, which are emerging
and not available commercially yet, bring the highest emission reduc-
tion potential, while imposing the highest costs and risks at these initi-
ating steps. Green electricity is somewhere in between the afore-
mentioned technologies since the basic developments and demonstra-
tions already started (Ashrafi et al., 2021).
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Fig. 5. (a). The microwave plasma (Javier et al., 2016; van Kranenburg et al., 2016) and (b) catalyst assisted plasma reactor for CO, reduction (Ashford and
Tu, 2017).
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8. Conclusions and outlook

Facing the energy transition and emission reduction at various sec-
tors has been the inspirational driving force of extensive research efforts
that are initiated to recognize the emission sources accurately. One of
the most important sectors for emission reduction, which requires
further attention, is the industrial segment that has a considerable share
of global emissions. This review covers a wide selection of research ar-
ticles that investigates the solutions for emission reduction in industrial
sectors. Although the optimization and process enhancement in the in-
dustrial plants are developed smoothly during the last century, their
focus was mainly on profit improvement and higher productivity by
adopting simple methodologies. The present review covers a structured
approach by focusing on the creative and state-of-the-art researches
done on emission prevention. Based on the literature results, the
complexity of the required actions for energy transition illustrates the
importance of circular production, integration of processes, expansion of
renewable resources both the green electricity and the bio-based fee-
dastocks, ingenious reactions, inventive processes, and multi-pronged
efforts. The new vision, therefore, requires combining the traditional
goals on the outcomes of industrial plants with new trends of environ-
mental benefits. In the other words, the new approach includes opti-
mization of current processes and implementation of modern ones.
Hence, this review covers briefly new technologies for heat integration
and reduction of energy consumption, carbon capture technologies,
electrification of industrial processes and heat generation, replacement
of traditional fuel-based energy sources by renewable energies, while at
the same time imposing on the new processes and reaction routes for the
final products, and altering the feedstocks such as the utilization of
biomass or CO5 and renewable H; for hydrocarbon production.

Besides, the petrochemical and refinery sectors as the main focus of
this study are further investigated providing the advanced technologies
and processes, which are published in these fields. Although most of the
discussed contemporary methodologies are not ready at the industrial
scale yet, they require further investigations to ensure tackling of the
environmental management issues ahead and provide the essential
roadmaps to reach the modernized, green, sustainable, and profitable
product lines. These initiative attempts are shaping the cleaner in-
dustries in the close future to seek alternatives for the new energy and
feed-stocks resources, novel technologies, and sustainable growth,
which will create new careers, products, and lifestyles in the world.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

The work is supported via the energy transition funds project ‘EPOC
2030-2050’ organized by the FPS economy, S.M.E.s, Self-employed, and
Energy.

References

Abdelaal, M., Zeidouni, M., 2022. Injection data analysis using material balance time for
CO2 storage capacity estimation in deep closed saline aquifers. J. Petrol. Sci. Eng.
208, 109385.

Abdelkareem, M.A., Lootah, M.A., Sayed, E.T., Wilberforce, T., Alawadhi, H., Yousef, B.
A., Olabi, A., 2021. Fuel cells for carbon capture applications. Sci. Total Environ.
769, 144243.

Adams, P., Bridgwater, T., Lea-Langton, A., Ross, A., Watson, 1., 2018. Biomass
Conversion Technologies, Greenhouse Gas Balances of Bioenergy Systems. Elsevier,
pp. 107-139.

Adnan, M.A., Khan, M., Ajayan, P.M., Rahman, M.M., Hu, J., Kibria, M.G., 2021.
Transition pathways towards net-zero emissions methanol production. Green Chem.

Afrin, S., Hossain, N., Ma, Z., Kotteda, V., Badhan, A., Kumar, V., 2021. On-sun testing of
a high temperature solar receiver’s flux distribution. J. Sol. Energy Eng. 1-24.

14

1 M

Journal of Enviro 302 (2022) 114055

Agrafiotis, C., Tsoutsos, T., 2001. Energy saving technologies in the European ceramic
sector: a systematic review. Appl. Therm. Eng. 21, 1231-1249.

Ahmadipouya, S., Ahmadijokani, F., Molavi, H., Rezakazemi, M., Arjmand, M., 2021.
CO2/CH4 Separation by Mixed-Matrix Membranes Holding Functionalized NH2-
MIL-101 (Al) Nanoparticles: Effect of Amino-Silane Functionalization. Chemical
Engineering Research and Design.

Ahmed, R., Liu, G., Yousaf, B., Abbas, Q., Ullah, H., Ali, M.U., 2020. Recent advances in
carbon-based renewable adsorbent for selective carbon dioxide capture and
separation-A review. J. Clean. Prod. 242, 118409.

Al-Qahtani, A., Gonzalez-Garay, A., Bernardi, A., Galan-Martin, A., Pozo, C., Mac
Dowell, N., Chachuat, B., Guillén-Gosalbez, G., 2020. Electricity grid
decarbonisation or green methanol fuel? A life-cycle modelling and analysis of
today’ s transportation-power nexus. Appl. Energy 265, 114718.

Alavi, O., Despeghel, J., De Ceuninck, W., Meuris, M., Driesen, J., Daenen, M., 2020.
Economic Study of Battery Profitability in Residential Solar Panel Systems: A Case
Study of Belgium, 2020 IEEE 14th International Conference on Compatibility, Power
Electronics and Power Engineering (CPE-POWERENG). IEEE, pp. 358-363.

Alcalde, J., Heinemann, N., James, A., Bond, C.E., Ghanbari, S., Mackay, E.J.,
Haszeldine, R.S., Faulkner, D.R., Worden, R.H., Allen, M.J., 2021. A criteria-driven
approach to the CO2 storage site selection of East Mey for the acorn project in the
North Sea. Mar. Petrol. Geol. 133, 105309.

Aliyu, A., Lee, J., Harvey, A., 2021. Microalgae for Biofuels via Thermochemical
Conversion Processes: A Review of Cultivation, Harvesting and Drying Processes,
and the Associated Opportunities for Integrated Production. Bioresource Technology
Reports, 100676.

Allen, D.T., 2014. Methane emissions from natural gas production and use: reconciling
bottom-up and top-down measurements. Current Opinion in Chemical Engineering
5, 78-83.

Alrashed, F.S., Onaizi, S.A., Alenazey, F.S., El-Bok, S., Zahid, U., 2021a. Modeling and
simulation of prereformed naphtha and methane steam reforming in a catalytic
membrane reactor. Ind. Eng. Chem. Res.

Alrashed, F.S., Paglieri, S.N., Alismail, Z.S., Khalaf, H., Harale, A., Overbeek, J.P., van
Veen, H.M., Hakeem, A.S., 2021b. Steam reforming of simulated pre-reformed
naphtha in a PdAu membrane reactor. Int. J. Hydrogen Energy 46, 21939-21952.

Alshammari, Y.M., 2021. Scenario analysis for energy transition in the chemical industry:
an industrial case study in Saudi Arabia. Energy Pol. 150, 112128.

Amghizar, 1., Dedeyne, J.N., Brown, D.J., Marin, G.B., Van Geem, K.M., 2020.
Sustainable innovations in steam cracking: CO 2 neutral olefin production. Reaction
Chemistry & Engineering 5, 239-257.

Anniwaer, A., Chaihad, N., Zhang, M., Wang, C., Yu, T., Kasai, Y., Abudula, A., Guan, G.,
2021. Hydrogen-rich gas production from steam co-gasification of banana peel with
agricultural residues and woody biomass. Waste Manag. 125, 204-214.

Anyanwu, J.-T., Wang, Y., Yang, R.T., 2022. CO2 capture (including direct air capture)
and natural gas desulfurization of amine-grafted hierarchical bimodal silica. Chem.
Eng. J. 427, 131561.

Aratijo, 0.Q., de Medeiros, J.L., 2021. How Is the Transition Away from Fossil Fuels
Doing, and How Will the Low-Carbon Future Unfold. Springer.

Arbabzadeh, M., Sioshansi, R., Johnson, J.X., Keoleian, G.A., 2019. The role of energy
storage in deep decarbonization of electricity production. Nat. Commun. 10, 1-11.

Ashford, B., Tu, X., 2017. Non-thermal plasma technology for the conversion of CO2.
Current Opinion in Green and Sustainable Chemistry 3, 45-49.

Ashrafi, O., Zamor, O., Navarri, P., 2021. Impact of carbon capture technologies on GHG
emissions from oil sands in-situ facilities: a system prospective. Appl. Therm. Eng.
188, 116603.

Avila, J.P.C., Llamas, P.L., San Roman, T.G., 2018. A review of cross-sector
decarbonisation potentials in the European energy intensive industry. J. Clean. Prod.

Ayers, K., 2017. Gigawatt-scale renewable hydrogen via water splitting as a case study
for collaboration: the need to connect fundamental and applied research to
accelerate solutions. MRS Energy & Sustainability 4.

Baeyens, J., Kang, Q., Appels, L., Dewil, R., Lv, Y., Tan, T., 2015. Challenges and
opportunities in improving the production of bio-ethanol. Prog. Energy Combust.
Sci. 47, 60-88.

Ball, P.J., 2021. A review of geothermal technologies and their role in reducing
greenhouse gas emissions in the USA. J. Energy Resour. Technol. 143.

Banu, J.R., Kavitha, S., Tyagi, V.K., Gunasekaran, M., Karthikeyan, O.P., Kumar, G.,
2021. Lignocellulosic biomass based biorefinery: a successful platform towards
circular bioeconomy. Fuel 302, 121086.

Beckers, K.F., Kolker, A., Pauling, H., McTigue, J.D., Kesseli, D., 2021. Evaluating the
feasibility of geothermal deep direct-use in the United States. Energy Convers.
Manag. 243, 114335.

Bernardo, G., Aradjo, T., da Silva Lopes, T., Sousa, J., Mendes, A., 2020. Recent advances
in membrane technologies for hydrogen purification. Int. J. Hydrogen Energy 45,
7313-7338.

Besier, J., 2021. Decarbonisation of the Dutch Ceramic Industry: A Techno-Economic
Analysis of Decarbonisation Options.

Biencinto, M., Bayon, R., Gonzalez, L., Christodoulaki, R., Rojas, E., 2021. Integration of
a parabolic-trough solar field with solid-solid latent storage in an industrial process
with different temperature levels. Appl. Therm. Eng. 184, 116263.

Bos, M., Kersten, S., Brilman, D., 2020. Wind power to methanol: renewable methanol
production using electricity, electrolysis of water and CO2 air capture. Appl. Energy
264, 114672.

Bosman, R., Loorbach, D., Frantzeskaki, N., Pistorius, T., 2014. Discursive regime
dynamics in the Dutch energy transition. Environmental Innovation and Societal
Transitions 13, 45-59.


http://refhub.elsevier.com/S0301-4797(21)02117-4/sref1
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref1
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref1
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref2
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref2
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref2
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref3
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref3
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref3
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref4
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref4
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref5
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref5
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref6
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref6
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref7
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref7
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref7
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref7
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref8
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref8
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref8
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref9
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref9
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref9
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref9
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref10
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref10
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref10
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref10
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref11
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref11
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref11
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref11
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref12
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref12
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref12
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref12
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref13
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref13
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref13
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref14
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref14
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref14
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref15
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref15
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref15
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref16
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref16
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref17
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref17
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref17
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref18
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref18
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref18
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref19
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref19
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref19
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref20
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref20
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref21
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref21
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref22
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref22
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref23
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref23
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref23
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref24
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref24
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref25
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref25
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref25
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref26
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref26
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref26
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref27
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref27
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref28
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref28
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref28
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref29
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref29
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref29
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref30
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref30
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref30
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref31
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref31
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref32
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref32
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref32
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref33
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref33
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref33
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref34
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref34
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref34

T. Rajabloo et al.

Boulamanti, A., Moya, J., 2017a. Energy Efficiency and GHG Emissions: Prospective
Scenarios for the Chemical and Petrochemical Industry. JRC Science for Policy
Report, European Commission.

Boulamanti, A., Moya, J.A., 2017b. Production costs of the chemical industry in the EU
and other countries: ammonia, methanol and light olefins. Renew. Sustain. Energy
Rev. 68, 1205-1212.

Branca, T.A., Fornai, B., Colla, V., Pistelli, M.I., Faraci, E.L., Cirilli, F., Schroder, A.J.,
2021. Industrial symbiosis and energy efficiency in European process Industries: a
review. Sustainability 13, 9159.

Bretas, I.L., Paciullo, D.S., Alves, B.J., Martins, M.R., Cardoso, A.S., Lima, M.A.,
Rodrigues, R.A., Silva, F.F., Chizzotti, F.H., 2020. Nitrous oxide, methane, and
ammonia emissions from cattle excreta on Brachiaria decumbens growing in
monoculture or silvopasture with Acacia mangium and Eucalyptus grandis. Agric.
Ecosyst. Environ. 295, 106896.

Bridgwater, A.V., Boocock, D., 2013. Developments in Thermochemical Biomass
Conversion:, ume 1/vol. 2. Springer Science & Business Media.

Bruyn, S.d., Jongsma, C., Kampman, B., Gorlach, B., Thie, J.-E., 2020. Energy-intensive
Industries - European Parliament. CE Delft, Ecologic.

Capocelli, M., Luberti, M., Inno, S., D’Antonio, F., Di Natale, F., Lancia, A., 2019. Post-
combustion CO2 capture by RVPSA in a large-scale steam reforming plant. Journal of
CO2 Utilization 32, 53-65.

Carolus, J., Tsanakas, J.A., van der Heide, A., Voroshazi, E., De Ceuninck, W.,

Daenen, M., 2019. Physics of potential-induced degradation in bifacial p-PERC solar
cells. Sol. Energy Mater. Sol. Cell. 200, 109950.

Centi, G., laquaniello, G., Perathoner, S., 2019. Chemical engineering role in the use of
renewable energy and alternative carbon sources in chemical production. BMC
Chemical Engineering 1, 5.

Chai, Y.H., Mohamed, M., Cheng, Y.W., Chin, B.L.F., Yiin, C.L., Yusup, S., Lam, M.K.,
2021. A Review on Potential of Biohydrogen Generation through Waste
Decomposition Technologies. Biomass Conversion and Biorefinery, pp. 1-26.

Chao, C., Deng, Y., Dewil, R., Baeyens, J., Fan, X., 2020. Post-combustion Carbon
Capture. Renewable and Sustainable Energy Reviews, 110490.

Chassein, E., Roser, A., John, F., 2017. progRESSHEAT Report: Barriers and Drivers. EU.

Chen, S., Deng, Y., Xiao, X., Xu, S., Rudd, P.N., Huang, J., 2021. Preventing lead leakage
with built-in resin layers for sustainable perovskite solar cells. Nature Sustainability
1-8.

Chen, G., Dong, X., Yan, B., Li, J., Yoshikawa, K., Jiao, L., 2022. Photothermal steam
reforming: a novel method for tar elimination in biomass gasification. Appl. Energy
305, 117917.

Compernolle, T., Witters, N., Van Passel, S., Thewys, T., 2011. Analyzing a self-managed
CHP system for greenhouse cultivation as a profitable way to reduce CO2-emissions.
Energy 36, 1940-1947.

Cooper, S.J., Hammond, G.P., Hewitt, N., Norman, J.B., Tassou, S.A., Youssef, W., 2019.
Energy saving potential of high temperature heat pumps in the UK Food and Drink
sector. Energy Procedia 161, 142-149.

Corma, A., Corresa, E., Mathieu, Y., Sauvanaud, L., Al-Bogami, S., Al-Ghrami, M.,
Bourane, A., 2017. Crude oil to chemicals: light olefins from crude oil. Catalysis
Science & Technology 7, 12-46.

Correa, C.A., de Santi, C.R., Leclerc, A., 2019. Green-PVC with full recycled industrial
waste and renewably sourced content. J. Clean. Prod. 229, 1397-1411.

Crivellari, A., Cozzani, V., Dincer, I., 2019. Exergetic and exergoeconomic analyses of
novel methanol synthesis processes driven by offshore renewable energies. Energy
187, 115947.

Damasceno, A., Carneiro, L., Andrade, N., Vasconcelos, S., Brito, R., Brito, K., 2020.
Simultaneous prediction of steam production and reduction efficiency in recovery
boilers of pulping process. J. Clean. Prod. 275, 124103.

Daraei, M., Campana, P.-E., Avelin, A., Jurasz, J., Thorin, E., 2021. Impacts of integrating
pyrolysis with existing CHP plants and onsite renewable-based hydrogen supply on
the system flexibility. Energy Convers. Manag. 243, 114407.

Davarazar, M., Jahanianfard, D., Sheikhnejad, Y., Nemati, B., Mostafaie, A., Zandi, S.,
Khalaj, M., Kamali, M., Aminabhavi, T.M., 2019. Underground carbon dioxide
sequestration for climate change mitigation-A scientometric study. Journal of CO2
Utilization 33, 179-188.

De Luna, P., Hahn, C., Higgins, D., Jaffer, S.A., Jaramillo, T.F., Sargent, E.H., 2019. What
would it take for renewably powered electrosynthesis to displace petrochemical
processes? Science 364, eaav3506.

Deng, Y., Dewil, R., Appels, L., Ansart, R., Baeyens, J., Kang, Q., 2021. Reviewing the
thermo-chemical recycling of waste polyurethane foam. J. Environ. Manag. 278,
111527.

Dimitriadis, A., Chrysikou, L.P., Meletidis, G., Terzis, G., Auersvald, M., Kubicka, D.,
Bezergianni, S., 2021. Bio-based refinery intermediate production via
hydrodeoxygenation of fast pyrolysis bio-oil. Renew. Energy 168, 593-605.

Dimitris, S., Achilias, L., 2014. Recent advances in the chemical recycling of polymers
(PP, PS, LDPE, HDPE, PVC, PC, Nylon, PMMA). In: Mater Recycl Trends Perspect,
vol. 3, p. 64.

Dresp, S.r., Dionigi, F., Klingenhof, M., Strasser, P., 2019. Direct electrolytic splitting of
seawater: opportunities and challenges. ACS Energy Letters 4, 933-942.

Dupont, C., Oberthiir, S., 2015. Decarbonization in the EU: Setting the Scene,
Decarbonization in the European Union. Springer, pp. 1-24.

Duraccio, V., Gnoni, M.G., Elia, V., 2015. Carbon capture and reuse in an industrial
district: a technical and economic feasibility study. Journal of CO, Utilization 10,
23-29.

d’Amore-Domenech, R., Leo, T.J., 2019. Sustainable hydrogen production from offshore
marine renewable farms: techno-energetic insight on seawater electrolysis
technologies. ACS Sustain. Chem. Eng. 7, 8006-8022.

15

1 M

Journal of Enviro 302 (2022) 114055

Engelbrecht, N., Everson, R.C., Bessarabov, D., 2020. Thermal management and
methanation performance of a microchannel-based Sabatier reactor/heat exchanger
utilising renewable hydrogen. Fuel Process. Technol. 208, 106508.

Espie, T., Lee, A., Santana Musse, A.P., Moure, G., Goodman, H., Kwong, V., 2021. The
Co2 Capture Project: 20 Years of Innovation. Available at: SSRN 3820495.

Eyerer, S., Schifflechner, C., Hofbauer, S., Bauer, W., Wieland, C., Spliethoff, H., 2020.
Combined heat and power from hydrothermal geothermal resources in Germany: an
assessment of the potential. Renew. Sustain. Energy Rev. 120, 109661.

Fennell, P.S., Davis, S.J., Mohammed, A., 2021. Decarbonizing cement production. Joule
5, 1305-1311.

Forster, P.M., Maycock, A.C., McKenna, C.M., Smith, C.J., 2020. Latest climate models
confirm need for urgent mitigation. Nat. Clim. Change 10, 7-10.

Fragkos, P., Tasios, N., Paroussos, L., Capros, P., Tsani, S., 2017. Energy system impacts
and policy implications of the European Intended Nationally Determined
Contribution and low-carbon pathway to 2050. Energy Pol. 100, 216-226.

Franco, F., Rettenmaier, C., Jeon, H.S., Cuenya, B.R., 2020. Transition metal-based
catalysts for the electrochemical CO 2 reduction: from atoms and molecules to
nanostructured materials. Chem. Soc. Rev.

Fresno, F., Galdon, S., Barawi, M., Alfonso-Gonzalez, E., Escudero, C., Pérez-Dieste, V.,
Huck-Iriart, C., Victor, A., 2020. Selectivity in UV photocatalytic CO2 conversion
over bare and silver-decorated niobium-tantalum perovskites. Catal. Today.

Fresta, E., Costa, R.D., 2017. Beyond traditional light-emitting electrochemical cells-a
review of new device designs and emitters. J. Mater. Chem. C 5, 5643-5675.

Froemelt, A., Geschke, A., Wiedmann, T., 2021. Quantifying carbon flows in Switzerland:
top-down meets bottom-up modelling. Environ. Res. Lett. 16, 014018.

Gale, J., Dixon, T., Beck, B., Haines, M., 2009. What have we learnt to date from large-
scale CCS projects. Climate Change Congress, 2009.

Galik, C.S., 2019. A continuing need to revisit BECCS and its potential. Nat. Clim. Change
1-2.

Galvez-Martos, J.-L., Elhoweris, A., Morrison, J., Al-horr, Y., 2018. Conceptual design of
a CO; capture and utilisation process based on calcium and magnesium rich brines.
Journal of CO, Utilization 27, 161-169.

Gao, Y., Qian, K., Xu, B., Li, Z., Zheng, J., Zhao, S., Ding, F., Sun, Y., Xu, Z., 2020. Recent
advances in visible-light-driven conversion of CO2 by photocatalysts into fuels or
value-added chemicals. Carbon Resources Conversion.

Garcia, R., Gil, M., Rubiera, F., Chen, D., Pevida, C., 2021. Renewable hydrogen
production from biogas by sorption enhanced steam reforming (SESR): a parametric
study. Energy 218, 119491.

Ge, H., Zhang, H., Guo, W., Song, T., Shen, L., 2019a. System simulation and
experimental verification: biomass-based integrated gasification combined cycle
(BIGCC) coupling with chemical looping gasification (CLG) for power generation.
Fuel 241, 118-128.

Ge, Y., He, T., Han, D., Li, G., Zhao, R., Wu, J., 2019b. Plasma-assisted CO2 Methanation:
Effects on the Low-Temperature Activity of an Ni-Ce Catalyst and Reaction
Performance, vol. 6. Royal Society open science, p. 190750.

Geden, O., Peters, G.P., Scott, V., 2019. Targeting carbon dioxide removal in the
European Union. Clim. Pol. 19, 487-494.

Gerres, T., Avila, J.P.C., Llamas, P.L., San Roman, T.G., 2019. A review of cross-sector
decarbonisation potentials in the European energy intensive industry. J. Clean. Prod.
210, 585-601.

Gholami, M., Mohammadi, T., Mosleh, S., Hemmati, M., 2017. CO 2/CH 4 separation
using mixed matrix membrane-based polyurethane incorporated with ZIF-8
nanoparticles. Chem. Pap. 71, 1839-1853.

Gielen, D., Saygin, D., Taibi, E., Birat, J.P., 2020. Renewables-based decarbonization and
relocation of iron and steel making: a case study. J. Ind. Ecol. 24, 1113-1125.

Giglio, E., Vitale, G., Lanzini, A., Santarelli, M., 2021. Integration between biomass
gasification and high-temperature electrolysis for synthetic methane production.
Biomass Bioenergy 148, 106017.

Gomez-Marin, N., Bridgwater, A., 2020. Mapping Bioenergy Stakeholders: A Systematic
and Scientometric Review of Capabilities and Expertise in Bioenergy Research in the
United Kingdom. Renewable and Sustainable Energy Reviews, 110496.

Grasso, M.L., Puszkiel, J., Albanesi, L.F., Dornheim, M., Pistidda, C., Gennari, F.C., 2019.
CO 2 reutilization for methane production via a catalytic process promoted by
hydrides. Phys. Chem. Chem. Phys. 21, 19825-19834.

Giileg, F., Meredith, W., Sun, C.-G., Snape, C.E., 2019. A novel approach to Co2 capture
in fluid catalytic cracking—chemical looping combustion. Fuel 244, 140-150.

Gunnlaugsson, H., 2021. Regulation of Electricity from Geothermal Heat in Iceland,
Elgar Encyclopedia of Environmental Law. Edward Elgar Publishing Limited,
pp. 511-521.

Hajilary, N., Rezakazemi, M., 2018. CFD modeling of CO2 capture by water-based
nanofluids using hollow fiber membrane contactor. International Journal of
Greenhouse Gas Control 77, 88-95.

Hajilary, N., Rezakazemi, M., Shirazian, S., 2019. Biofuel types and membrane
separation. Environ. Chem. Lett. 17, 1-18.

Hajilary, N., Rezakazemi, M., Shahi, A., 2020. CO2 emission reduction by zero flaring
startup in gas refinery. Materials Science for Energy Technologies 3, 218-224.
Hameed, Z., Aslam, M., Khan, Z., Magsood, K., Atabani, A., Ghauri, M., Khurram, M.S.,
Rehan, M., Nizami, A.-S., 2021. Gasification of municipal solid waste blends with

biomass for energy production and resources recovery: current status, hybrid
technologies and innovative prospects. Renew. Sustain. Energy Rev. 136, 110375.

Hamm, S.G., Anderson, A., Blankenship, D., Boyd, L.W., Brown, E.A., Frone, Z.,
Hamos, 1., Hughes, H.J., Kalmuk, M., Marble, A., 2021. Geothermal energy R&D: an
overview of the US department of energy’s geothermal technologies office. J. Energy
Resour. Technol. 143, 100903.


http://refhub.elsevier.com/S0301-4797(21)02117-4/sref35
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref35
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref35
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref36
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref36
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref36
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref37
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref37
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref37
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref38
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref38
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref38
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref38
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref38
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref39
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref39
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref40
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref40
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref41
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref41
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref41
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref42
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref42
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref42
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref43
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref43
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref43
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref44
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref44
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref44
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref45
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref45
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref46
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref47
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref47
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref47
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref48
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref48
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref48
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref49
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref49
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref49
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref50
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref50
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref50
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref51
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref51
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref51
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref52
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref52
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref53
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref53
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref53
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref54
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref54
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref54
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref55
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref55
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref55
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref56
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref56
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref56
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref56
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref57
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref57
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref57
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref58
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref58
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref58
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref59
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref59
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref59
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref60
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref60
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref60
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref61
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref61
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref62
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref62
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref63
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref63
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref63
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref64
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref64
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref64
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref65
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref65
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref65
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref66
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref66
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref67
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref67
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref67
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref68
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref68
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref69
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref69
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref70
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref70
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref70
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref71
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref71
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref71
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref72
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref72
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref72
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref73
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref73
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref74
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref74
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref75
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref75
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref76
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref76
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref77
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref77
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref77
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref78
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref78
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref78
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref79
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref79
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref79
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref80
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref80
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref80
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref80
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref81
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref81
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref81
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref82
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref82
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref83
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref83
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref83
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref84
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref84
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref84
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref85
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref85
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref86
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref86
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref86
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref87
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref87
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref87
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref88
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref88
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref88
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref89
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref89
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref90
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref90
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref90
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref91
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref91
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref91
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref92
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref92
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref93
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref93
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref94
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref94
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref94
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref94
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref95
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref95
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref95
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref95

T. Rajabloo et al.

Harker Steele, A., Warner, T., Vikara, D., Guinan, A., Balash, P., 2021. Comparative
analysis of carbon capture and storage finance gaps and the social cost of carbon.
Energies 14, 2987.

Hatti-Kaul, R., Nilsson, L.J., Zhang, B., Rehnberg, N., Lundmark, S., 2020. Designing
biobased recyclable polymers for plastics. Trends Biotechnol. 38, 50-67.

He, M., Luis, S., Rita, S., Ana, G., Euripedes Jr., V., Zhang, N., 2011. Risk assessment of
CO2 injection processes and storage in carboniferous formations: a review. Journal
of Rock Mechanics and Geotechnical Engineering 3, 39-56.

Henry, S., Baltrusaitis, J., Luyben, W.L., 2021. Dynamic simulation and control of a
combustion turbine process for biogas derived methane. Comput. Chem. Eng. 144,
107121.

Hoppe, W., Bringezu, S., Wachter, N., 2018. Economic assessment of CO,-based methane,
methanol and polyoxymethylene production. Journal of CO, Utilization 27,
170-178.

Hussin, F., Aroua, M.K., 2020. Recent trends in the development of adsorption
technologies for carbon dioxide capture: a brief literature and patent reviews
(2014-2018). J. Clean. Prod. 253, 119707.

Imteyaz, B., Qadir, S.A., Tahir, F., 2021. Prospects of CO2 utilization after carbon capture
process. Fuel 2, N2.

Ingham, A., 2017. Reducing the carbon intensity of methanol for use as a transport fuel.
Johnson Matthey Technology Review 61, 297-307.

International, C.R., 2019. Curbing Carbon Emissions with Green Methanol.

Tora, P., Bombarda, P., Gémez Alaez, S., Invernizzi, C., Rajabloo, T., Silva, P., 2016. Flare
gas reduction through electricity production. Energy Sources, Part A Recovery, Util.
Environ. Eff. 38, 3116-3124.

IRENA, 2014. Renewable Energy Options for the Industry Sector: Global and Regional
Potential until 2030.

Tulianelli, A., Drioli, E., 2020. Membrane engineering: latest advancements in gas
separation and pre-treatment processes, petrochemical industry and refinery, and
future perspectives in emerging applications. Fuel Process. Technol. 206, 106464.

Javier, F., Moreno, S.H., Stankiewicz, A.IL., Stefanidis, G.D., 2016. Reduction of CO2 with
hydrogen in a non-equilibrium microwave plasma reactor. Int. J. Hydrogen Energy
41, 21067-21077.

Jesi¢, D., Jurkovi¢, D.L., Pohar, A., Suhadolnik, L., Likozar, B., 2020. Engineering
photocatalytic and photoelectrocatalytic CO2 reduction reactions: mechanisms,
intrinsic kinetics, mass transfer resistances, reactors and multi-scale modelling
simulations. Chem. Eng. J.

Jia, B., Tsau, J.-S., Barati, R., 2019. A review of the current progress of CO2 injection
EOR and carbon storage in shale oil reservoirs. Fuel 236, 404-427.

Jolie, E., Scott, S., Faulds, J., Chambefort, I., Axelsson, G., Gutiérrez-Negrin, L.C.,
Regenspurg, S., Ziegler, M., Ayling, B., Richter, A., 2021. Geological controls on
geothermal resources for power generation. Nature Reviews Earth & Environment 2,
324-339.

Jyothi, M., Reddy, K.R., Soontarapa, K., Naveen, S., Raghu, A.V., Kulkarni, R.V.,
Suhas, D., Shetti, N.P., Nadagouda, M.N., Aminabhavi, T.M., 2019. Membranes for
dehydration of alcohols via pervaporation. J. Environ. Manag. 242, 415-429.

Kaljuvee, T., Trikkel, A., Kuusik, R., 2001. Decarbonization of natural lime-containing
materials and reactivity of calcined products towards SO2 and CO2. J. Therm. Anal.
Calorim. 64, 1229-1240.

Kamali, M., Costa, M.E., Aminabhavi, T.M., Capela, 1., 2019a. Sustainability of treatment
technologies for industrial biowastes effluents. Chem. Eng. J. 370, 1511-1521.

Kamali, M., Gameiro, T., Costa, M.E., Capela, I., Aminabhavi, T.M., 2019b. Enhanced
biodegradation of phenolic wastewaters with acclimatized activated sludge-A
kinetic study. Chem. Eng. J. 378, 122186.

Kamali, M., Suhas, D., Costa, M.E., Capela, 1., Aminabhavi, T.M., 2019c. Sustainability
considerations in membrane-based technologies for industrial effluents treatment.
Chem. Eng. J. 368, 474-494.

Kanchiralla, F.M., Jalo, N., Thollander, P., Andersson, M., Johnsson, S., 2021. Energy use
categorization with performance indicators for the food industry and a conceptual
energy planning framework. Appl. Energy 304, 117788.

Kang, Q., Van der Bruggen, B., Dewil, R., Baeyens, J., Tan, T., 2015. Hybrid operation of
the bio-ethanol fermentation. Separ. Purif. Technol. 149, 322-330.

Karacan, C.0., 2020. A fuzzy logic approach for estimating recovery factors of miscible
CO2-EOR projects in the United States. J. Petrol. Sci. Eng. 184, 106533.

Kargbo, H., Harris, J.S., Phan, A.N., 2021. “Drop-in” fuel production from biomass:
critical review on techno-economic feasibility and sustainability. Renew. Sustain.
Energy Rev. 135, 110168.

Karka, P., Johnsson, F., Papadokonstantakis, S., 2021. Perspectives for greening
European fossil-fuel infrastructures through use of biomass: the case of liquid
biofuels based on lignocellulosic resources. Frontiers in Energy Research 9, 112.

Kawale, H.D., Kishore, N., 2020. Comparative study on pyrolysis of Delonix Regia,
Pinewood sawdust and their co-feed for plausible bio-fuels production. Energy 203,
117921.

Khatun, F., Abd Aziz, A., Sim, L.C., Monir, M.U., 2019. Plasmonic enhanced Au decorated
TiO2 nanotube arrays as a visible light active catalyst towards photocatalytic CO2
conversion to CH4. Journal of Environmental Chemical Engineering 7, 103233.

Koufos, D., Retsina, T., 2001. Practical energy and water management through pinch
analysis for the pulp and paper industry. Water Sci. Technol. 43, 327-332.

Koytsoumpa, E.IL, Bergins, C., Kakaras, E., 2018. The CO; economy: review of CO2
capture and reuse technologies. J. Supercrit. Fluids 132, 3-16.

Lake, L.W., Lotfollahi, M., Bryant, S.L., 2019. CO2 enhanced oil recovery experience and
its messages for CO2 storage. Science of Carbon Storage in Deep Saline Formations.
Elsevier, pp. 15-31.

Layritz, L.S., Dolganova, I., Finkbeiner, M., Luderer, G., Penteado, A.T., Ueckerdt, F.,
Repke, J.-U., 2021. The potential of direct steam cracker electrification and carbon

16

1 M

Journal of Enviro 302 (2022) 114055

capture & utilization via oxidative coupling of methane as decarbonization strategies
for ethylene production. Appl. Energy 296, 117049.

Lee, E., Hornafius, J.S., Dean, E., Kazemi, H., 2019. Potential of Denver Basin oil fields to
store CO2 and produce Bio-CO2-EOR oil. International Journal of Greenhouse Gas
Control 81, 137-156.

Lerdlattaporn, R., Phalakornkule, C., Trakulvichean, S., Songkasiri, W., 2021.
Implementing circular economy concept by converting cassava pulp and wastewater
to biogas for sustainable production in starch industry. Sustainable Environment
Research 31, 1-12.

Letelier, J.A., O’Sullivan, J., Reich, M., Veloso, E., Sanchez-Alfaro, P., Aravena, D.,
Munoz, M., Morata, D., 2021. Reservoir architecture model and heat transfer modes
in the El Tatio-La Torta geothermal system, Central Andes of northern Chile.
Geothermics 89, 101940.

Li, S., Kang, Q., Baeyens, J., Zhang, H., Deng, Y., 2020. Hydrogen production: state of
technology. In: IOP Conference Series: Earth and Environmental Science. IOP
Publishing, p. 12011.

Li, S., Baeyens, J., Dewil, R., Appels, L., Zhang, H., Deng, Y., 2021a. Advances in rigid
porous high temperature filters. Renew. Sustain. Energy Rev. 139, 110713.

Li, S., Zhang, H., Nie, J., Dewil, R., Baeyens, J., Deng, Y., 2021b. The direct reduction of
iron ore with hydrogen. Sustainability 13, 8866.

Li, G., Wang, C., Wang, Z., 2022a. Structural effects of microporous polymers on
adsorption/separation of C1-C3 light hydrocarbons and CO2 in natural gas. Chem.
Eng. J. 427, 131985.

Li, X., Zhang, L., Zhang, S., Xu, L., Hu, X., 2022b. Steam reforming of sugar and its
derivatives: functionality dictates thermal properties and morphologies of coke. Fuel
307, 121798.

Lieshout, M.v., Rooijers, F., Croezen, H., 2018. Roadmap towards a Climate Neutral
Industry in the Delta Region. CE Delft (Delft).

Lizana, J., Bordin, C., Rajabloo, T., 2020. Integration of solar latent heat storage towards
optimal small-scale combined heat and power generation by Organic Rankine Cycle.
Journal of Energy Storage 29, 101367.

Lonis, F., Tola, V., Cau, G., 2019. Renewable methanol production and use through
reversible solid oxide cells and recycled CO2 hydrogenation. Fuel 246, 500-515.

Lonis, F., Tola, V., Cau, G., 2021. Assessment of integrated energy systems for the
production and use of renewable methanol by water electrolysis and CO2
hydrogenation. Fuel 285, 119160.

Lu, Q., Jiao, F., 2016. Electrochemical CO2 reduction: electrocatalyst, reaction
mechanism, and process engineering. Nanomater. Energy 29, 439-456.

Ly, C., Li, J., Yan, J., Li, B., Huang, B., Lou, Z., 2020. Surface plasmon resonance and
defects on tungsten oxides synergistically boost high-selective CO2 reduction for
ethylene. Applied Materials Today 20, 100744.

Luberti, M., Gowans, R., Finn, P., Santori, G., 2022. An estimate of the ultralow waste
heat available in the European Union. Energy 238, 121967.

Luderer, G., Pehl, M., Arvesen, A., Gibon, T., Bodirsky, B.L., de Boer, H.S., Fricko, O.,
Hejazi, M., Humpenoder, F., Iyer, G., Mima, S., Mouratiadou, L., Pietzcker, R.C.,
Popp, A., van den Berg, M., van Vuuren, D., Hertwich, E.G., 2019. Environmental co-
benefits and adverse side-effects of alternative power sector decarbonization
strategies. Nat. Commun. 10, 5229.

Maldonado, V., Contreras, M., Melnick, D., 2021. A comprehensive database of active
and potentially-active continental faults in Chile at 1: 25,000 scale. Scientific Data 8,
1-13.

Mastropasqua, L., Pecenati, I., Giostri, A., Campanari, S., 2020. Solar hydrogen
production: techno-economic analysis of a parabolic dish-supported high-
temperature electrolysis system. Appl. Energy 261, 114392.

Mateu-Royo, C., Sawalha, S., Mota-Babiloni, A., Navarro-Esbri, J., 2020. High
temperature heat pump integration into district heating network. Energy Convers.
Manag. 210, 112719.

Mayer, M., 2020. Sustainable Synthesis through Electrocatalysis. Renewable Energies.

Maza, S.N., Collo, G., Morata, D., Taussi, M., Vidal, J., Mattioli, M., Renzulli, A., 2021.
Active and fossil hydrothermal zones of the Apacheta volcano: insights for the Cerro
Pabell6n hidden geothermal system (Northern Chile). Geothermics 96, 102206.

Mbungu, N.T., Naidoo, R.M., Bansal, R.C., Siti, M.W., Tungadio, D.H., 2020. An overview
of renewable energy resources and grid integration for commercial building
applications. Journal of Energy Storage 29, 101385.

Mehrizi, M.Z., Abdi, J., Rezakazemi, M., Salehi, E., 2020. A review on recent advances in
hollow spheres for hydrogen storage. Int. J. Hydrogen Energy 45, 17583-17604.

Meier, D., Van De Beld, B., Bridgwater, A.V., Elliott, D.C., Oasmaa, A., Preto, F., 2013.
State-of-the-art of fast pyrolysis in IEA bioenergy member countries. Renew. Sustain.
Energy Rev. 20, 619-641.

Mekhilef, S., Saidur, R., Safari, A., 2011. A review on solar energy use in industries.
Renew. Sustain. Energy Rev. 15, 1777-1790.

Meng, Y., Jiang, J., Gao, Y., Yan, F., Liu, N., Aihemaiti, A., 2018. Comprehensive study of
CO;, capture performance under a wide temperature range using polyethyleneimine-
modified adsorbents. Journal of CO, Utilization 27, 89-98.

Mennicken, L., Janz, A., Roth, S., 2016. The German R&D program for CO,
utilization—innovations for a green economy. Environ. Sci. Pollut. Control Ser. 23,
11386-11392.

Meyers, J., Mensah, J.B., Holzhauser, F.J., Omari, A., Blesken, C.C., Tiso, T., Palkovits, S.,
Blank, L.M., Pischinger, S., Palkovits, R., 2019. Electrochemical conversion of a bio-
derivable hydroxy acid to a drop-in oxygenate diesel fuel. Energy Environ. Sci. 12,
2406-2411.

Michael Bazzanella, Alexis, Ausfelder, F., 2017. Low Carbon Energy and Feedstock for
the European Chemical Industry. DECHEMA, Germany.

Mikul¢i¢, H., Skov, LR., Dominkovi¢, D.F., Alwi, S.R.W., Manan, Z.A., Tan, R., Dui¢, N.,
Mohamad, S.N.H., Wang, X., 2019. Flexible Carbon Capture and Utilization


http://refhub.elsevier.com/S0301-4797(21)02117-4/sref96
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref96
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref96
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref97
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref97
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref98
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref98
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref98
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref99
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref99
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref99
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref100
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref100
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref100
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref101
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref101
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref101
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref102
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref102
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref103
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref103
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref104
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref105
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref105
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref105
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref106
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref106
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref107
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref107
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref107
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref108
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref108
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref108
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref109
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref109
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref109
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref109
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref110
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref110
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref111
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref111
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref111
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref111
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref112
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref112
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref112
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref113
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref113
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref113
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref114
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref114
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref115
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref115
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref115
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref116
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref116
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref116
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref117
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref117
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref117
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref118
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref118
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref119
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref119
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref120
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref120
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref120
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref121
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref121
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref121
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref122
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref122
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref122
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref123
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref123
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref123
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref124
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref124
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref125
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref125
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref126
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref126
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref126
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref127
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref127
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref127
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref127
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref128
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref128
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref128
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref129
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref129
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref129
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref129
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref130
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref130
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref130
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref130
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref131
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref131
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref131
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref132
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref132
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref133
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref133
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref134
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref134
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref134
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref135
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref135
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref135
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref136
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref136
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref137
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref137
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref137
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref138
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref138
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref139
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref139
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref139
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref140
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref140
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref141
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref141
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref141
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref142
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref142
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref143
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref143
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref143
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref143
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref143
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref144
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref144
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref144
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref145
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref145
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref145
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref146
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref146
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref146
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref147
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref148
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref148
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref148
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref149
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref149
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref149
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref150
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref150
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref151
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref151
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref151
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref152
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref152
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref153
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref153
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref153
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref154
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref154
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref154
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref155
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref155
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref155
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref155
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref156
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref156
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref157
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref157

T. Rajabloo et al.

technologies in future energy systems and the utilization pathways of captured CO2.
Renew. Sustain. Energy Rev. 114, 109338.

Minke, C., Suermann, M., Bensmann, B., Hanke-Rauschenbach, R., 2021. Is iridium
demand a potential bottleneck in the realization of large-scale PEM water
electrolysis? Int. J. Hydrogen Energy.

Miryahyaei, S., Das, T., Othman, M., Batstone, D., Eshtiaghi, N., 2020. Anaerobic co-
digestion of sewage sludge with cellulose, protein, and lipids: role of rheology and
digestibility. Sci. Total Environ. 731, 139214.

Ml Veloso, F., Czernichowski-Lauriol, I., Mojon-Lumier, F., Carneiro, J., Gravaud, I.,
Diitschke, E., PreuB, S., Prades, A., Oltra, C., German, S., 2021. Strategic Planning of
Regions and Territories in Europe for Low Carbon Energy and Industry through
CCUS: the STRATEGY CCUS Project.

Montecinos-Cuadros, D., Diaz, D., Yogeshwar, P., Munoz-Saez, C., 2021. Characterization
of the shallow structure of El Tatio geothermal field in the Central Andes, Chile using
transient electromagnetics. J. Volcanol. Geoth. Res. 412, 107198.

Mosleh, S., Mozdianfard, M., Hemmati, M., Khanbabaei, G., 2017. Mixed matrix
membranes of Pebax1657 loaded with iron benzene-1, 3, 5-tricarboxylate for gas
separation. Polym. Compos. 38, 1363-1370.

Mousa, E., Wang, C., Riesbeck, J., Larsson, M., 2016. Biomass applications in iron and
steel industry: an overview of challenges and opportunities. Renew. Sustain. Energy
Rev. 65, 1247-1266.

Muradov, N., 2014. Industrial Utilization of CO 2: A Win-Win Solution, Liberating
Energy from Carbon: Introduction to Decarbonization. Springer, pp. 325-383.

Nami, H., Ranjbar, F., Yari, M., 2019. Methanol synthesis from renewable H2 and
captured CO2 from S-Graz cycle-Energy, exergy, exergoeconomic and
exergoenvironmental (4E) analysis. Int. J. Hydrogen Energy 44, 26128-26147.

Nguyen, N.M., Alobaid, F., Dieringer, P., Epple, B., 2021. Biomass-based chemical
looping gasification: overview and recent developments. Appl. Sci. 11, 7069.

Nuhiji, B., Bower, M.P., Swait, T., Phadnis, V., Day, R.J., Scaife, R.J., 2020. Simulation of
carbon fibre composites in an industrial microwave. Mater. Today: Proceedings.

Olah, G.A., 2013. Towards oil independence through renewable methanol chemistry.
Angew. Chem. Int. Ed. 52, 104-107.

Osman, A.IL, Hefny, M., Abdel Maksoud, M., Elgarahy, A.M., Rooney, D.W., 2021. Recent
advances in carbon capture storage and utilisation technologies: a review. Environ.
Chem. Lett. 19, 797-849.

Ouda, M., Hank, C., Nestler, F., Hadrich, M., Full, J., Schaadt, A., Hebling, C., 2019.
Power-to-Methanol: Techno-Economical and Ecological Insights, Zukiinftige
Kraftstoffe. Springer, pp. 380-409.

Pandey, J.S., Ouyang, Q., von Solms, N., 2022. New insights into the dissociation of
mixed CH4/CO2 hydrates for CH4 production and CO2 storage. Chem. Eng. J. 427,
131915.

Pappijn, C.A.R., Ruitenbeek, M., Reyniers, M.-F., Van Geem, K.M., 2020. Challenges and
opportunities of carbon capture and utilization: electrochemical conversion of CO2
to ethylene. Frontiers in Energy Research 8.

Park, C., Lee, S., Lee, J., 2022. Energy recovery from wood pellets and waste mulching
film with minimization of harmful byproducts via thermochemical conversion with
CO2 agent. Chem. Eng. J. 427, 131459.

Parvasi, P., Jokar, S., Shamseddini, A., Babapoor, A., Mirzaie, F., Abbasfard, H.,

Basile, A., 2020. A novel recovery loop for reducing greenhouse gas emission:
simultaneous production of syngas and pure hydrogen in a membrane reformer.
Renew. Energy 153, 130-142.

Patel, M., Zhang, X., Kumar, A., 2016. Techno-economic and life cycle assessment on
lignocellulosic biomass thermochemical conversion technologies: a review. Renew.
Sustain. Energy Rev. 53, 1486-1499.

Peters, G., Andrew, R., Canadell, J., Friedlingstein, P., Jackson, R., Korsbakken, J., Le
Quéré, C., Peregon, A., 2019. Carbon dioxide emissions continue to grow amidst
slowly emerging climate policies. Nat. Clim. Change 1-4.

Piazzi, S., Menin, L., Antolini, D., Patuzzi, F., Baratieri, M., 2021. Potential to retrofit
existing small-scale gasifiers through steam gasification of biomass residues for
hydrogen and biofuels production. Int. J. Hydrogen Energy 46, 8972-8985.

Pittel, K., 2019. The long-term climate strategy of the European union-a reality check.
EconPol Opinion 23.

Pohjakallio, M., Vuorinen, T., Oasmaa, A., 2020. Chemical Routes for
Recycling—Dissolving, Catalytic, and Thermochemical Technologies, Plastic Waste
and Recycling. Elsevier, pp. 359-384.

Pous, P.d., Popp, R., Dufour, M., 2019. The Race to Decarbonise Industry: How to Keep
the EU in Pole Position. E3G.

Qin, Z., Zhai, G., Wu, X., Yu, Y., Zhang, Z., 2016. Carbon footprint evaluation of coal-to-
methanol chain with the hierarchical attribution management and life cycle
assessment. Energy Convers. Manag. 124, 168-179.

Qureshi, M.S., Oasmaa, A., Pihkola, H., Deviatkin, I., Tenhunen, A., Mannila, J.,
Minkkinen, H., Pohjakallio, M., Laine-Ylijoki, J., 2020. Pyrolysis of plastic waste:
opportunities and challenges. J. Anal. Appl. Pyrol. 152, 104804.

Ragaert, K., Huysveld, S., Vyncke, G., Hubo, S., Veelaert, L., Dewulf, J., Du Bois, E., 2020.
Design from recycling: a complex mixed plastic waste case study. Resour. Conserv.
Recycl. 155, 104646.

Rajabloo, T., 2017. Thermodynamic study of ORC at different working and peripheral
conditions. Energy Procedia 129, 90-96.

Rajabloo, T., 2019. Case Study of an Organic Rankine Cycle (ORC) for Waste Heat
Recovery from Cogeneration Systems, ORC2019 (Athens).

Rajabloo, T., lora, P., Invernizzi, C., 2016. Mixture of working fluids in ORC plants with
pool boiler evaporator. Appl. Therm. Eng. 98, 1-9.

Rajabloo, T., Bonalumi, D., lora, P., 2017. Effect of a partial thermal decomposition of
the working fluid on the performances of ORC power plants. Energy 133,
1013-1026.

17

1 M

Journal of Enviro 302 (2022) 114055

Rasul, S., Pugnant, A., Xiang, H., Fontmorin, J.-M., Eileen, H.Y., 2019. Low cost and
efficient alloy electrocatalysts for CO2 reduction to formate. Journal of CO2
Utilization 32, 1-10.

Reddy, C.V., Reddy, K.R., Harish, V., Shim, J., Shankar, M., Shetti, N.P., Aminabhavi, T.
M., 2020a. Metal-organic frameworks (MOFs)-based efficient heterogeneous
photocatalysts: synthesis, properties and its applications in photocatalytic hydrogen
generation, CO2 reduction and photodegradation of organic dyes. Int. J. Hydrogen
Energy 45, 7656-7679.

Reddy, N.R., Bhargav, U., Kumari, M.M., Cheralathan, K., Shankar, M., Reddy, K.R.,
Saleh, T.A., Aminabhavi, T.M., 2020b. Highly efficient solar light-driven
photocatalytic hydrogen production over Cu/FCNTs-titania quantum dots-based
heterostructures. J. Environ. Manag. 254, 109747.

Reddy, P.V.G., Reddy, B.R.P., Reddy, M.V.K., Reddy, K.R., Shetti, N.P., Saleh, T.A.,
Aminabhavi, T.M., 2020c. A review on multicomponent reactions catalysed by zero-
dimensional/one-dimensional titanium dioxide (TiO2) nanomaterials: promising
green methodologies in organic chemistry. J. Environ. Manag. 111603.

Regufe, M.J., Pereira, A., Ferreira, A.F., Ribeiro, A.M., Rodrigues, A.E., 2021. Current
developments of carbon capture storage and/or utilization-looking for net-zero
emissions defined in the paris agreement. Energies 14, 2406.

Rezakazemi, M., Sadrzadeh, M., Matsuura, T., 2018. Thermally stable polymers for
advanced high-performance gas separation membranes. Prog. Energy Combust. Sci.
66, 1-41.

Rezakazemi, M., Dashti, A., Hajilary, N., Shirazian, S., 2019. Organic/silica
Nanocomposite Membranes Applicable to Green Chemistry, Sustainable Polymer
Composites and Nanocomposites. Springer, pp. 629-652.

Ricke, K., Millar, R., MacMartin, D.G., 2017. Constraints on global temperature target
overshoot. Sci. Rep. 7, 1-7.

Rivera, F.F., de Ledn, C.P., Nava, J.L., Walsh, F.C., 2015. The filter-press FM01-LC
laboratory flow reactor and its applications. Electrochim. Acta 163, 338-354.

Ros, M., Read, A., Uilenreef, J., Limbeek, J., 2014. Start of a CO» hub in rotterdam:
connecting CCS and CCU. Energy Procedia 63, 2691-2701.

Rozyyev, V., Yavuz, M.S., Thirion, D., Nguyen, T.S., Nguyen, T.P.N., Emwas, A.-H.,
Yavuz, C.T., 2021. Optimizing bromide anchors for easy tethering of amines, nitriles
and thiols in porous organic polymers towards enhanced CO2 capture. Microporous
Mesoporous Mater. 111450.

Sahoo, K.K., Datta, S., Goswami, G., Das, D., 2022. Two-stage integrated process for bio-
methanol production coupled with methane and carbon dioxide sequestration:
kinetic modelling and experimental validation. J. Environ. Manag. 301, 113927.

Salomao, R., Oliveira, K.S., Fernandes, L., Tiba, P., Prado, U.S., 2021. Porous refractory
ceramics for high-temperature thermal insulation-Part 1: the science behind energy
saving. Interceram-International Ceramic Review 70, 38-45.

Samimi, A., Zarinabadi, S., Bozorgian, A., Amosoltani, A., Tarkesh Esfahani, M.S.,
Kavousi, K., 2020. Advances of membrane technology in acid gas removal in
industries. Progress in Chemical and Biochemical Research 46-54.

Sanchez-Pastor, P., Obermann, A., Reinsch, T., Agﬁstsd()ttir, T., Gunnarsson, G.,
Témasdéttir, S., Hjorleifsdéttir, V., Hersir, G., Agtstsson, K., Wiemer, S., 2021.
Imaging high-temperature geothermal reservoirs with ambient seismic noise
tomography, a case study of the Hengill geothermal field, SW Iceland. Geothermics
96, 102207.

Sarp, S., Hernandez, S.G., Chen, C., Sheehan, S.W., 2020. Alcohol production from
carbon dioxide: methanol as a fuel and chemical feedstock. Joule.

Scalbi, S., Buttol, P., Loprieno, A.D., Garavini, G., Mancuso, E., Reale, F., Zamagni, A.,
2021. Toward a Low-Carbon Economy: the Clim’Foot Project Approach for the
Organization’s Carbon Footprint, LCA Based Carbon Footprint Assessment. Springer,
pp. 71-92.

Schoeneberger, C., McMillan, C., Kurup, P., Akar, S., Margolis, R., Masanet, E., 2020.
Solar for Industrial Process Heat: A Review of Technologies, Analysis Approaches,
and Potential Applications in the United States. Energy, 118083.

Schreier, M., Luo, J., Gao, P., Moehl, T., Mayer, M.T., Gratzel, M., 2016. Covalent
immobilization of a molecular catalyst on Cu20 photocathodes for CO2 reduction.
J. Am. Chem. Soc. 138, 1938-1946.

Sedjo, R.A., 2011. Carbon Neutrality and Bioenergy: A Zero-Sum Game? Resources for
the Future Discussion Paper.

Seo, M.W., Lee, S.H., Nam, H., Lee, D., Tokmurzin, D., Wang, S., Park, Y.K., 2021. Recent
Advances of Thermochemical Conversieon Processes for Biorefinery. Bioresource
Technology, p. 126109.

Shabani, B., Pashin, J., Vilcdez, J., 2020. TOUGHREACT-CO2Bio-A new module to
simulate geological carbon storage under biotic conditions (Part 2): the bio-
geochemical reactive transport of CO2-CH4-H2-H2S gas mixtures. J. Nat. Gas Sci.
Eng. 76, 103190.

Shah, S., Shah, M., Shah, A., Shah, M., 2020. Evolution in the membrane-based materials
and comprehensive review on carbon capture and storage in industries. Emergent
Materials 1-12.

Shah, C., Raut, S., Kacha, H., Patel, H., Shah, M., 2021. Carbon capture using membrane-
based materials and its utilization pathways. Chem. Pap. 1-17.

Shamsabadi, A.A., Rezakazemi, M., Seidi, F., Riazi, H., Aminabhavi, T., Soroush, M.,
2021. Next generation polymers of intrinsic microporosity with tunable moieties for
ultrahigh permeation and precise molecular CO2 separation. Prog. Energy Combust.
Sci. 84, 100903.

Sharma, S., Basu, S., Shetti, N.P., Aminabhavi, T.M., 2020a. Waste-to-energy nexus for
circular economy and environmental protection: recent trends in hydrogen energy.
Sci. Total Environ. 713, 136633.

Sharma, S., Basu, S., Shetti, N.P., Kamali, M., Walvekar, P., Aminabhavi, T.M., 2020b.
Waste-to-energy Nexus: A Sustainable Development. Environmental Pollution,

p. 115501.


http://refhub.elsevier.com/S0301-4797(21)02117-4/sref157
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref157
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref158
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref158
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref158
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref159
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref159
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref159
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref160
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref160
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref160
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref160
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref161
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref161
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref161
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref162
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref162
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref162
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref163
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref163
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref163
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref164
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref164
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref165
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref165
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref165
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref166
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref166
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref167
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref167
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref168
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref168
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref169
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref169
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref169
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref170
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref170
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref170
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref171
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref171
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref171
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref172
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref172
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref172
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref173
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref173
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref173
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref174
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref174
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref174
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref174
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref175
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref175
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref175
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref176
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref176
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref176
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref177
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref177
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref177
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref178
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref178
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref179
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref179
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref179
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref180
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref180
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref181
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref181
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref181
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref182
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref182
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref182
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref183
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref183
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref183
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref184
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref184
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref185
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref185
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref186
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref186
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref187
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref187
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref187
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref188
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref188
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref188
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref189
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref189
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref189
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref189
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref189
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref190
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref190
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref190
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref190
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref191
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref191
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref191
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref191
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref192
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref192
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref192
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref193
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref193
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref193
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref194
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref194
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref194
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref195
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref195
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref196
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref196
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref197
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref197
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref198
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref198
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref198
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref198
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref199
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref199
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref199
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref200
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref200
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref200
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref201
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref201
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref201
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref202
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref202
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref202
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref202
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref202
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref203
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref203
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref204
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref204
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref204
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref204
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref205
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref205
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref205
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref206
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref206
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref206
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref207
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref207
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref208
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref208
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref208
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref209
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref209
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref209
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref209
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref210
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref210
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref210
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref211
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref211
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref212
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref212
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref212
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref212
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref213
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref213
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref213
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref214
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref214
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref214

T. Rajabloo et al.

Sharma, S., Kundu, A., Basu, S., Shetti, N.P., Aminabhavi, T.M., 2020c. Sustainable
environmental management and related biofuel technologies. J. Environ. Manag.
273, 111096.

Sivabalan, K., Hassan, S., Ya, H., Pasupuleti, J., 2021. A review on the characteristic of
biomass and classification of bioenergy through direct combustion and gasification
as an alternative power supply. Journal of Physics: Conference Series. IOP
Publishing, p. 12033.

Sodeifian, G., Raji, M., Asghari, M., Rezakazemi, M., Dashti, A., 2019. Polyurethane-
SAPO-34 mixed matrix membrane for CO2/CH4 and CO2/N2 separation. Chin. J.
Chem. Eng. 27, 322-334.

Solano Rodriguez, B., Drummond, P., Ekins, P., 2017. Decarbonizing the EU energy
system by 2050: an important role for BECCS. Clim. Pol. 17, $93-S110.

Songolzadeh, M., Soleimani, M., Takht Ravanchi, M., Songolzadeh, R., 2014. Carbon
dioxide separation from flue gases: a technological review emphasizing reduction in
greenhouse gas emissions. Sci. World J. 2014.

Soroush, E., Shahsavari, S., Mesbah, M., Rezakazemi, M., 2018. A robust predictive tool
for estimating CO2 solubility in potassium based amino acid salt solutions. Chin. J.
Chem. Eng. 26, 740-746.

Spoelstra, S., Tijani, M., 2005. Thermoacoustic Heat Pumps for Energy Savings, Seminar"
Boundary Crossing Acoustics" of the Acoustical Society of the Netherland.

Spragg, J., Mahmud, T., Dupont, V., 2018. Hydrogen production from bio-oil: a
thermodynamic analysis of sorption-enhanced chemical looping steam reforming.
Int. J. Hydrogen Energy 43, 22032-22045.

Spurgeon, J.M., Kumar, B., 2018. A comparative technoeconomic analysis of pathways
for commercial electrochemical CO 2 reduction to liquid products. Energy Environ.
Sci. 11, 1536-1551.

Srivastava, R.K., Shetti, N.P., Reddy, K.R., Aminabhavi, T.M., 2020a. Biofuels, biodiesel
and biohydrogen production using bioprocesses. A review. Environ. Chem. Lett. 18,
1049-1072.

Srivastava, R.K., Shetti, N.P., Reddy, K.R., Aminabhavi, T.M., 2020b. Sustainable energy
from waste organic matters via efficient microbial processes. Sci. Total Environ. 722,
137927.

Srivastava, R.K., Shetti, N.P., Reddy, K.R., Kwon, E.E., Nadagouda, M.N., Aminabhavi, T.
M., 2021. Biomass utilization and production of biofuels from carbon neutral
materials. Environ. Pollut. 276, 116731.

Sun, D., Khan, F.M., Simakov, D.S., 2017. Heat removal and catalyst deactivation in a
Sabatier reactor for chemical fixation of CO2: simulation-based analysis. Chem. Eng.
J. 329, 165-177.

Sun, X., Alcalde, J., Bakhtbidar, M., Elio, J., Vilarrasa, V., Canal, J., Ballesteros, J.,
Heinemann, N., Haszeldine, S., Cavanagh, A., 2021. Hubs and clusters approach to
unlock the development of carbon capture and storage—Case study in Spain. Appl.
Energy 300, 117418.

Sweygers, N., Kamali, M., Aminabhavi, T.M., Dewil, R., Appels, L., 2021. Efficient
microwave-assisted production of furanics and hydrochar from bamboo
(Phyllostachys nigra “Boryana™) in a biphasic reaction system: effect of inorganic
salts. Biomass Conversion and Biorefinery 1-9.

Tan, K.B., Zhan, G., Sun, D., Huang, J., Li, Q., 2021. The development of bifunctional
catalysts for carbon dioxide hydrogenation to hydrocarbons via the methanol route:
from single component to integrated components. J. Mater. Chem. 9, 5197-5231.

Tennison, 1., Roschnik, S., Ashby, B., Boyd, R., Hamilton, 1., Oreszczyn, T., Owen, A.,
Romanello, M., Ruyssevelt, P., Sherman, J.D., 2021. Health care’s response to
climate change: a carbon footprint assessment of the NHS in England. The Lancet
Planetary Health 5, e84-€92.

Thiruselvi, D., Kumar, P.S., Kumar, M.A., Lay, C.-H., Aathika, S., Mani, Y.,
Jagadiswary, D., Dhanasekaran, A., Shanmugam, P., Sivanesan, S., 2020. A critical
review on global trends in biogas scenario with its up-gradation techniques for fuel
cell and future perspectives. Int. J. Hydrogen Energy.

Tijani, M., Vanapalli, S., Spoelstra, S., a Nijeholt, J.L., 2011. Electrically Driven
Thermoacoustic Heat Pump. Tenth IEA Heat Pump Conference, Tokyo, Japan (June.
TNO, ECN).

Tijani, M., Lycklama, J., Spoelstra, S., 2016. Development of a thermoacoustic heat pump
for distillation column. Pol. Stud. 2015, 2013.

Tsiropoulos, I., Hoefnagels, R., de Jong, S., van den Broek, M., Patel, M., Faaij, A., 2018.
Emerging bioeconomy sectors in energy systems modeling-Integrated systems
analysis of electricity, heat, road transport, aviation, and chemicals: a case study for
The Netherlands. Biofuels, Bioproducts and Biorefining 12, 665-693.

Ulmer, U., Dingle, T., Duchesne, P.N., Morris, R.H., Tavasoli, A., Wood, T., Ozin, G.A.,
2019. Fundamentals and applications of photocatalytic CO 2 methanation. Nat.
Commun. 10, 1-12.

Usubharatana, P., McMartin, D., Veawab, A., Tontiwachwuthikul, P., 2006.
Photocatalytic process for CO2 emission reduction from industrial flue gas streams.
Ind. Eng. Chem. Res. 45, 2558-2568.

Van Dael, M., 2018. Market Study Report CCU.

Van der Weerden, T., Laurenson, S., Vogeler, 1., Beukes, P., Thomas, S., Rees, R.,
Topp, C., Lanigan, G., De Klein, C., 2017. Mitigating nitrous oxide and manure-
derived methane emissions by removing cows in response to wet soil conditions.
Agric. Syst. 156, 126-138.

van Kranenburg, K., Schols, E., Gelevert, H., Kler, R.d., Delft, Y.v., Weeda, M., 2016.
Empowering the Chemical Industry. TNO, ECN.

Vine, D., Ye, J., 2018. Decarbonizing US Industry, vol. 2. Center for Climate and Energy
Solutions.

Vispute, T.P., Zhang, H., Sanna, A., Xiao, R., Huber, G.W., 2010. Renewable chemical
commodity feedstocks from integrated catalytic processing of pyrolysis oils. Science
330, 1222-1227.

18

1 M

Journal of Enviro 302 (2022) 114055

Vo, C.H., Mondelli, C., Hamedi, H., Pérez-Ramirez, J., Farooq, S., Karimi, L.A., 2021.
Sustainability assessment of thermocatalytic conversion of CO2 to transportation
fuels, methanol, and 1-propanol. ACS Sustain. Chem. Eng. 9, 10591-10600.

Vogt, C., Monai, M., Kramer, G.J., Weckhuysen, B.M., 2019. The renaissance of the
Sabatier reaction and its applications on Earth and in space. Nature Catalysis 2,
188-197.

Vollmer, 1., Jenks, M.J., Roelands, M.C., White, R.J., van Harmelen, T., de Wild, P., van
Der Laan, G.P., Meirer, F., Keurentjes, J.T., Weckhuysen, B.M., 2020. Beyond
mechanical recycling: giving new life to plastic waste. Angew. Chem. Int. Ed. 59,
15402-15423.

Vu, D.H., Akesson, D., Taherzadeh, M.J., Ferreira, J.A., 2020. Recycling strategies for
polyhydroxyalkanoate-based waste materials: an overview. Bioresour. Technol. 298,
122393.

Walsh, B., Ciais, P., Janssens, I.A., Penuelas, J., Riahi, K., Rydzak, F., Van Vuuren, D.P.,
Obersteiner, M., 2017. Pathways for balancing CO 2 emissions and sinks. Nat.
Commun. 8, 14856.

Wang, C., Mellin, P., Lovgren, J., Nilsson, L., Yang, W., Salman, H., Hultgren, A.,
Larsson, M., 2015. Biomass as blast furnace injectant-Considering availability,
pretreatment and deployment in the Swedish steel industry. Energy Convers. Manag.
102, 217-226.

Weber, R., Gupta, A.K., Mochida, S., 2020. High temperature air combustion (HiTAC):
how it all started for applications in industrial furnaces and future prospects. Appl.
Energy 278, 115551.

Whipple, D.T., Kenis, P.J., 2010. Prospects of CO. utilization via direct heterogeneous
electrochemical reduction. J. Phys. Chem. Lett. 1, 3451-3458.

Williams, R., Jack, C., Gamboa, D., Shackley, S., Decarbonising steel production using
CO2 Capture and Storage (CCS): results of focus group discussions in a Welsh steel-
making community. International Journal of Greenhouse Gas Control 104, 103218.

Wu, B., Lin, R., O’Shea, R., Deng, C., Rajendran, K., Murphy, J.D., 2021a. Production of
advanced fuels through integration of biological, thermo-chemical and power to gas
technologies in a circular cascading bio-based system. Renew. Sustain. Energy Rev.
135, 110371.

Wu, S., Kang, D., Xiao, R., Boehman, A.L., 2021b. Autoignition characteristics of bio-
based fuels, farnesane and TPGME, in comparison with fuels of similar cetane rating.
Proc. Combust. Inst. 38, 5585-5595.

Xie, S., Zhang, H., Liu, G., Wu, X., Lin, J., Zhang, Q., Wang, Y., 2020. Tunable localized
surface plasmon resonances in MoO3— x-TiO2 nanocomposites with enhanced
catalytic activity for CO2 photoreduction under visible light. Chin. J. Catal. 41,
1125-1131.

Xu, Y., Ramanathan, V., 2017. Well below 2 C: Mitigation strategies for avoiding
dangerous to catastrophic climate changes. Proc. Natl. Acad. Sci. Unit. States Am.
114, 10315-10323.

Xu, J., Hu, J., Luo, E., Hu, J., Zhang, L., Hochgreb, S., 2022. Numerical study on a heat-
driven piston-coupled multi-stage thermoacoustic-Stirling cooler. Appl. Energy 305,
117904.

Yang, Z., Guo, W., Mahurin, S.M., Wang, S., Chen, H., Cheng, L., Jie, K., Meyer III, H.M.,
Jiang, D.-e., Liu, G., 2020. Surpassing robeson upper limit for CO2/N2 separation
with fluorinated carbon molecular sieve membranes. Inside Chem.

Yang, L., Wang, X.-C., Dai, M., Chen, B., Qiao, Y., Deng, H., Zhang, D., Zhang, Y., de
Almeida, C.M.V.B., Chiu, A.S., 2021. Shifting from Fossil-Based Economy to Bio-
Based Economy: Status Quo, Challenges, and Prospects. Energy, 120533.

Younas, M., Rezakazemi, M., Daud, M., Wazir, M.B., Ahmad, S., Ullah, N.,
Ramakrishna, S., 2020a. Recent progress and remaining challenges in post-
combustion CO2 capture using metal-organic frameworks (MOFs). Prog. Energy
Combust. Sci. 80, 100849.

Younas, M., Tahir, T., Wu, C., Farrukh, S., Sohaib, Q., Muhammad, A., Rezakazemi, M.,
Li, J., 2020b. Post-combustion CO2 capture with sweep gas in thin film composite
(TFC) hollow fiber membrane (HFM) contactor. Journal of CO2 Utilization 40,
101266.

Yue, M., Lambert, H., Pahon, E., Roche, R., Jemei, S., Hissel, D., 2021. Hydrogen energy
systems: a critical review of technologies, applications, trends and challenges.
Renew. Sustain. Energy Rev. 146, 111180.

Zakkour, P., Cook, G., 2010. CCS Roadmap for Industry: High-Purity CO2 Sources.
Carbon Counts Company Ltd, UK.

Zandi, S., Nemati, B., Jahanianfard, D., Davarazar, M., Sheikhnejad, Y., Mostafaie, A.,
Kamali, M., Aminabhavi, T.M., 2019. Industrial biowastes treatment using
membrane bioreactors (MBRs)-a scientometric study. J. Environ. Manag. 247,
462-473.

Zhan, B.J., Xuan, D.X., Poon, C.S., Shi, C.J., 2016. Effect of curing parameters on CO2
curing of concrete blocks containing recycled aggregates. Cement Concr. Compos.
71, 122-130.

Zhang, H., Van Gerven, T., Baeyens, J., Degreve, J., 2014. Photovoltaics: reviewing the
European feed-in-tariffs and changing PV efficiencies and costs. Sci. World J. 2014.

Zhang, H., Huys, K., Baeyens, J., Degreve, J., Kong, W., Lv, Y., 2016a. Thermochemical
energy storage for power generation on demand. Energy Technol. 4, 341-352.

Zhang, J., Zhang, H.-H., He, Y.-L., Tao, W.-Q., 2016b. A comprehensive review on
advances and applications of industrial heat pumps based on the practices in China.
Appl. Energy 178, 800-825.

Zhang, T., Zhang, W., Yang, R., Liu, Y., Jafari, M., 2021. CO2 capture and storage
monitoring based on remote sensing techniques: a review. J. Clean. Prod. 281,
124409.

Zhao, C., Zhang, Y., Li, Y., 2019. Production of fuels and chemicals from renewable
resources using engineered Escherichia coli. Biotechnol. Adv.

Zhou, W., Wang, J., Chen, P., Ji, C., Kang, Q., Lu, B., Li, K., Liu, J., Ruan, R., 2017. Bio-
mitigation of carbon dioxide using microalgal systems: advances and perspectives.
Renew. Sustain. Energy Rev. 76, 1163-1175.


http://refhub.elsevier.com/S0301-4797(21)02117-4/sref215
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref215
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref215
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref216
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref216
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref216
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref216
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref217
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref217
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref217
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref218
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref218
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref219
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref219
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref219
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref220
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref220
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref220
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref221
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref221
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref222
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref222
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref222
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref223
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref223
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref223
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref224
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref224
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref224
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref225
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref225
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref225
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref226
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref226
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref226
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref227
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref227
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref227
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref228
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref228
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref228
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref228
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref229
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref229
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref229
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref229
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref230
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref230
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref230
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref231
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref231
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref231
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref231
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref232
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref232
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref232
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref232
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref233
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref233
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref233
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref234
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref234
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref235
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref235
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref235
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref235
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref236
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref236
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref236
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref237
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref237
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref237
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref238
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref239
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref239
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref239
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref239
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref240
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref240
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref241
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref241
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref242
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref242
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref242
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref243
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref243
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref243
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref244
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref244
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref244
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref245
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref245
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref245
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref245
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref246
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref246
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref246
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref247
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref247
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref247
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref248
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref248
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref248
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref248
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref249
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref249
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref249
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref250
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref250
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref252
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref252
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref252
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref252
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref253
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref253
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref253
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref254
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref254
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref254
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref254
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref255
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref255
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref255
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref256
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref256
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref256
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref257
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref257
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref257
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref258
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref258
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref258
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref259
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref259
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref259
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref259
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref260
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref260
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref260
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref260
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref261
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref261
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref261
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref262
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref262
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref263
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref263
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref263
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref263
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref264
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref264
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref264
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref265
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref265
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref266
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref266
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref267
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref267
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref267
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref268
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref268
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref268
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref269
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref269
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref270
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref270
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref270

T. Rajabloo et al. Journal of Enviro 1 M 302 (2022) 114055

Zhou, B., Pei, J., Nasir, D.M., Zhang, J., 2021a. A review on solar pavement and Zhou, T., Shi, H., Ding, X., Zhou, Y., 2021b. Thermodynamic modeling and rational
photovoltaic/thermal (PV/T) system. Transport. Res. Transport Environ. 93, design of ionic liquids for pre-combustion carbon capture. Chem. Eng. Sci. 229,
102753. 116076.

Zhu, Q., 2019. Developments on CO»-utilization technologies. Clean Energy 3, 85-100.

19


http://refhub.elsevier.com/S0301-4797(21)02117-4/sref271
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref271
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref271
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref272
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref272
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref272
http://refhub.elsevier.com/S0301-4797(21)02117-4/sref273

	Environmental management of industrial decarbonization with focus on chemical sectors: A review
	1 Introduction
	2 Energy-intensive industry
	3 Development of classic decarbonization solutions
	3.1 Sretching the operating boundaries
	3.2 Improved electrochemical system
	3.3 Maximized process optimization by standardized equipment
	3.4 Furnaces
	3.5 Heat pumps and process heat recovery
	3.6 Catalytic processes and membrane separations

	4 Renewable energy and resources
	4.1 Solar thermal
	4.2 Geothermal
	4.3 Biomass
	4.4 Feedstock for chemicals and polymers
	4.5 Developing alternative carbon sources for industries

	5 Industrial decarbonization
	5.1 Green chemicals via renewable resources
	5.2 Carbon capture and utilization (CCS/U)
	5.3 Implementation of CCS/U in the chemical industry
	5.3.1 Reduction of CO2 to higher value-added chemicals
	5.3.2 e-Methanol production and its utilization in chemical industry

	5.4 CO2 storage for decarbonization systems
	5.4.1 CO2 storage via carbonation of minerals
	5.4.2 Copolymerization of CO2


	6 Electrification of the chemical industry
	6.1 Renewable electricity technologies for industrial usage
	6.2 Cracking with electricity
	6.3 Collaborative efforts of all stakeholders
	6.4 Types of electrification
	6.4.1 Power-to-heat
	6.4.2 Power-to-Hydrogen
	6.4.3 Power-to-specialties
	6.4.4 Power-to-commodities

	6.5 Attention-seeking technologies
	6.6 Need for flexibility in electricity system

	7 A roadmap for innovation
	8 Conclusions and outlook
	Declaration of competing interest
	Acknowledgment
	References


