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Editorial on the Research Topic

Perspectives of Chemicals Synthesis as a Green Alternative to Fossil Fuels

Renewable energy sources and more efficient and integrated processes are needed to avoid resource
depletion and climate change. The production of chemicals, fuels, and materials has to change
from a primarily linear synthesis pathway to closed-loop alternatives based on circular economy
approaches and rely on green and low carbon synthesis processes while supporting their economic
competitiveness in the upcoming years. Green and low-carbon chemicals, fuels, and materials
constitute the base for the transition towards a sustainable financial system. Important sectors that
need to decrease their dependence on fossil fuels in terms of raw materials and energy
consumption are, for instance, plastics, construction, packaging, textile, electronics, batteries,
or transport.

Advance towards implementing novel circular approaches and green and low carbon processes
urges to move towards techniques that eliminate waste, use renewable sources, or generate fewer
emissions (are more efficient) than the overall benchmark processes. Process modeling and
assessment stand as powerful tools to evaluate the economic characteristics (business cases) and
the environmental benefit of the proposed options. Given the impressive advances in mathematical
programming techniques during the last decades, a process systems engineering (PSE) approach is
suitable for dealing with synthesis problems, systems analysis, and life cycle analysis (LCA).
Besides, the significant advances achieved in solving enormous challenges, particularly for linear
and mixed-integer linear programming techniques, offer unique possibilities to deal with this
Research Topic.

The focus of this Research Topic is on chemicals, fuels, and materials synthesis processes; circular
approaches, green, low carbon, and transitional solutions towards more environmentally friendly
options. We look for Original Research, Review, or Mini-Review papers that discuss these issues.
Themes of interest include, but are not limited to:

Techno-economic and life cycle analyses of synthesis of green/low carbon chemicals, fuels, and
materials;

Evaluation, process design, and optimization of new synthesis pathways of chemicals, fuels, and
materials;

Analysis of the implementation of green/low carbon chemicals, fuels, and materials;
Circular economy, carbon dioxide utilization, and electrochemistry for chemicals synthesis.
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In the following, you will find selected contributions (Original
research. Perspectives, and Review) to this research topic. They
bring novel solution approaches accompanied by rich case studies
and examples of practical interest.

ORIGINAL RESEARCH

The articles in this Special Issue examine different facets of
alternative fuels’ synthesis from the point of view of fuels as an
end product. Contribution by Antonio Argiielles et al. should be of
interest to the petroleum industry, companies and researchers. It
reports a lack of information about the environmental impacts of
renewable diesel production. The authors conduct attributional life
cycle assessment (LCA) of green diesel obtained by
hydrodeoxygenation (HEFA). Results demonstrate that biofuel
significantly reduces GHG emissions than its fossil counterpart
by about 110%. Renewable diesel (RD) production by HEFA has
lower emissions than conventional diesel in the following categories:
acidification, ozone layer depletion, and photochemical smog, while
in the human toxicity and eutrophication categories, it has a
significant environmental impact. Whenever RD has poor cold
flow properties, it becomes necessary to mix it with ULSD.

Pacheco-Lopez et al. also analyze the implications of the
different end products. They present a techno-economic and
environmental comparison of existing liquid fuels and their
emerging renewable substitutes from biomass or the chemical
recycling of plastic waste. They find that plastic waste pyrolysis oil
performs better than diesel in cost (25% reduction) and
environmental impacts. Their study also includes assessing
bioethanol and ethanol from plastic waste pyrolysis as an
alternative to gasoline additives, showing higher costs and
variable results regarding the life cycle impacts. Thus, they
analyze the effect of these results on gasoline blends and
conclude that blends with ethanol from plastic pyrolysis can
reduce the impact on human health and ecosystems. In contrast,
blends with bioethanol have a lower impact on resource scarcity
and better economic profitability.

Conversely, some of the works focus on the processes. Biomass
waste used as fuel essentially provides a circular approach, and
the following four papers consider organic waste as raw material.

The contribution by Castro-Amoedo et al. analyzes different
biomass transformation technologies. The authors present a
systematic approach for designing, evaluating, and ranking
biomass-to-X production strategies under uncertain market
conditions. Their framework includes a bi-level mixed-integer
linear programming formulation to identify and assess current and
promising robustness and resilient designs strategies. After studying
the integration of anaerobic digestion of food and green waste biomass
in the current Swiss market, they stress energy integration and poly-
generation as critical factors for the energy transition.

In a similar light, Mahmud and Rosentrater examine the
particulars of biomass pretreatment methods. They test low
moisture anhydrous ammonia pretreatment to overcome the
drawbacks of standard pretreatment methods. Once subjecting
Distillers Dried Grains with Solubles, corn gluten feed, corn fiber,
and oil palm frond (OPF) with different moisture contents to this
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pretreatment process, they find out a decreased lignin content of
the materials, increased their percentage of a-cellulose, and
improved enzymatic digestibility.

Shafinas and Rosentrater’s article reveals the concern of food
waste (FW) impacting the environment, societies, and economies,
triggering research to find alternative ways to utilize such materials.
FW may contain sugars (e.g., glucose) susceptible for conversion
into value-added products such as highly demanded ethanol by
industries like fuel, beverages, pharmaceuticals, and other
industrial applications. To challenge the lower price of ethanol
produced from corn, the authors propose an integrated system: a
conventional fermentation plant integrated with a novel combined
heat and power (CHP) system that reduces utility costs thanks to
the recovery of energy from waste (FW). Using techno-economic
analysis (TEA), the authors find it more economical and attractive
at the commercial scale.

The energy transition needs alternative fuels, more efficient
and integrated power plants. The following two papers use solid
oxide cells as a technology that can use and provide renewable
electricity in a highly efficient manner. From a plant system
perspective, in the contribution by Pérez-Fortes et al., the authors
apply scenario analysis, and multi-objective optimization to the
design of a pilot integrated biomass waste gasifier—solid oxide
fuel cell (SOFC) plant. The results in the paper summarize the
most optimal operating conditions and provide an optimal plant
layout (with anode off-gas recirculation and hot gas cleaning
units) and a heat exchanger network. Combined heat and power
efficiency can go up to 82%.

From a broader system perspective, the article by Carbone
et al. evaluates the use of organic waste to power a reversible solid
oxide cell (rSOC) via gasification to support the electricity grid.
The rSOC system operated in electrolysis mode uses excess
renewable electricity to synthesize methane. On the other side,
the rSOC system operated in fuel cell mode supplies power when
needed by the grid by oxidizing syngas. The paper uses hourly real
large-scale energy storage needs and biomass waste generation for
the southern Italian peninsula in 2030. The methodology can be
of use in other case studies (locations and technologies). For the
current situation, the authors calculated the yearly used biomass
waste and the yearly electricity storage and generation needs
provided by the gasification-rSOC system.

The chemical industry and particularly energy-intensive
industries like steel production have inherent CO, emissions.
Industrial symbiosis, Circular, in essence, industrial symbiosis
aims at using waste from an industrial process as feedstock for
another one, thus reducing raw materials and resources needs.
The article by Collis et al. evaluates the potential of using the three
flue gases from conventional steel production (blast furnace gas,
essential oxygen furnace gas, and coke oven gas, with different
ranges of CO, CO,, and H,), currently used to produced internal
heat and power, as raw material or fuel for other companies. One
can extrapolate the applied methodology to other industrial
plants and flue gases, and the results compare economic and
environmental indicators of the proposed alternatives versus the
benchmark situation.

Carbon dioxide may be a potential raw material whose use is,
in essence, circular. Existing literature focuses on the potential
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environmental benefits while pointing out the technological and
economic challenges. CO,-based products need to be not only
competitive with current fossil fuel options, but public acceptance
and social willingness to change current behavior are crucial. The
social perspective has had less attention, and the work by Simons
et al. studies the acceptance of CO,-based fuels for aviation
synthesized via Carbon Capture and Utilization (CCU). Here,
professionally treated social factors, affective evaluation, and
benefit perception of CCU to ultimate consequences: public
information and information strategies. A case study of
innovative technologies corroborates the interest of this
contribution. Here, materials and products manufactured
through the reuse of CO2-based jet fuels in the context of
CCU represent an ultimate technological approach receiving
increasing attention on the path to meeting climate targets.

PERSPECTIVE

Styring et al.’s considers a systemic approach to using synthetic
fuels in a transport energy transition. Using a Theory of Change,
the authors show synthetic CO2-derived fuels to fill the gaps in
the shift towards a fully electric vehicle fleet for ground transit.
Then, it includes a deep reflection of the pros/cons of the various
alternatives considered in the use of Synthetic Fuels in a
Transport Transition. Comments on the effects of fossil fuel
replacement on air quality showing the importance of
atmospheric chemistry consideration as the transition to
electric vehicles progresses, concluding on the impact of
conventional fuels prohibition on social justice.

REVIEW

Karka et al’s format also takes rich Encyclopedic background.
The authors present relatively mature technological options’
current and future potential (e.g, TRL > 6). It looks for
greening existing industrial infrastructures in liquid biofuels,
which have not yet found actual application at a commercial
scale. This context systematically analyses these integration
options concerning the present and future opportunities,
barriers to overcome, real-world industrial examples, and
feasibility to scale up. The material can be used as a reference
point for the 2020 status in this research and contribute to
coordination and support actions/projects.” Otherwise, it can
be of substantial interest to decision-makers in industrial practice,
as shown through real-world industrial examples.

The Review by Styring et al. analyses the use of dimethyl ether
(DME) from sustainable feedstock as a future non-fossil fuel
alternative for road transportation, compared to oxymethylene
ether and synthetic diesel through Fischer-Tropsch reactions.
DME can replace diesel in a compression ignition engine (engines
requiring well-known modifications), and it can be produced
from CO, and carbon-containing waste materials. In its
comparison, DME can be produced needing less hydrogen
than the other routes. Towards diesel produces lower NOx,

Editorial: Alternatives to Fossil Fuels

soot, and particulate matter. The authors conclude that DME
can be then one of the fuels used in the future mobility sector.

CONCLUSION

The articles in this Research Topic represent a selected sample of
precious contributions to various Perspectives of Chemicals
Synthesis as a Green Alternative to Fossil Fuels. The necessary
presence of Renewable Diesel in the Petroleum Industry and the
need for emerging renewable substitutes of liquid fuels, thus
yielding to different biomass transformation technologies.
Carbon Capture and Utilization is under examination in the
light of novel factors. Food waste novel reevaluation permits the
production of competitive ethanol. The techno-economic analysis
uncovers more efficient novel combined alternatives recovering
energy from waste. A novel Perspective on Fuels in a Transport
Transition under examining Theory of Change reveals the impact
of conventional fuels prohibition on social justice. A wealthy
Review looks for greening existing industrial infrastructures in
liquid biofuels, which have not yet found actual application at a
commercial scale. Carbon-containing waste as raw material and
fuel and more efficient energy conversion and chemical processes
are needed towards a net-zero emissions society. And, as a sample
of the future community, the current special issue compiles many
different greener alternatives; society will require technological
options adapted to each specific context.

The authors of this Editorial want it to be of use to its readers
and inspiration to many.
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Southern Italian Peninsula

Claudio Carbone™, Francesco Gracceva', Nicola Pierro’, Vincenzo Motola’, Yi Zong?,
Shi You?, Mar Pérez-Fortes®, Ligang Wang®* and Alessandro Agostini’

Italian National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA), Rome, ltaly, 2Centre for
Electric Power and Energy, Technical University of Denmark (DTU), Copenhagen, Denmark, *Group of Energy Materials, Swiss
Federal Institute of Technology in Lausanne (EPFL), Lausanne, Switzerland, “Innovation Research Institute of Energy and Power,
North China Electric Power University, Bejjing, China

The large market penetration of non-dispatchable renewable power sources (VRES),
i.e., wind and photovoltaic, may be hampered by an increasing need for large scale
energy storage capacity and the challenges of balancing the power grid. Novel
technologies integrating waste gasification with reversible Solid-Oxide Cell systems
have been proposed to provide flexible grid balancing services. The rSOC system
operated in electrolysis mode uses excess power from VRES to generate hydrogen
(Ho), which is combined with syngas derived from waste gasification to produce
methane (CH,). The rSOC system can also be operated in fuel cell mode by oxidising
syngas to produce electricity. This paper presents a well-defined case study which aimed
to estimate the potential deployment of a novel rSOC technology in a future power system
dominated by intermittent renewables. The hourly power grid residual loads (i.e., the
difference between load and VRES power generation) and the availability of low-grade
organic waste and residues are quantified and matched for the southern Italian peninsula in
20830. The results show that the theoretical grid flexibility needs approximately 10 TW h of
overproduction and 5 TW h of underproduction in 2030 to ensure the complete disposal of
the municipal organic waste generated in 2030 (6.7 Mt) and that production of renewable
CH, will need to be 1.4-2.4 Mt, pointing to an intriguing perspective for the deployment of
rSOC systems at a large scale. The multifunctionality of the system proposed is an added
value that can make it a convenient and efficient piece of the puzzle of technologies

Abbreviations: LHV, Low Heating Value; PowGen mode, Power Generation mode of the rSOC; PowNeu mode, Power Neutral
mode of the rSOC; PowSto mode, Power Storage mode of the rSOC; PV, photovoltaic; RED, Renewable Energy Directive of the
European Parliament; RES, renewable energy resources; RES-dominated zone, areas characterized by high penetration of
renewable energy resources; rSOC, reversible Solid-Oxide Cell; SOEC, Solid-Oxide Electrolysis Cell; SOFC, Solid-Oxide Fuel
Cell; t.d.m., tons of dry matter; TSO, Transmission System Operator; VRES, non-dispatchable/variable renewable energy power
resources; SUD, The identified RES-dominated zone for Italy, including four political regions in the South of Italy (Basilicata,
Calabria, Molise, Puglia); W2G, Waste2GridS Project/Technology.
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required in a climate-neutral and circular economy. The results and methods here
presented are intended to form the basis for estimations of future potential deployment
and economic and environmental assessments of competing technologies.

Keywords: solid oxide fuel cell, solid oxide electrolysis cell, biomethane production, waste valorization, grid
adequacy, hydrogen, renewable energy recources

1 INTRODUCTION

The member states of the European Union (EU) have signed and
ratified the Paris agreement to keep global warming “well below
2°C above preindustrial levels, and to pursue efforts to limit the
temperature increase even further to 1.5°C”. To meet this
challenging target, the EU has put forward the ambitious
Green Deal, a growth strategy that transforms the Union into
a modern, resource-efficient, and competitive economy. Specific
goals are (1) no net emissions of greenhouse gases by 2050, (2)
decoupling economic growth from resource use, and (3) leaving
no person and no place behind. The European Green Deal is the
roadmap for making the EU’s economy sustainable (European
Commission, 2019).

The greenhouse gas (GHG) emissions resulting from the
provision of energy services have contributed significantly to
historic anthropogenic climate change, impacting the energy
budget of the atmosphere. Since approximately 1850, the
global use of fossil fuels (coal, oil, and gas) has increased.
These resources now dominate energy supply, which has
resulted in the rapid growth in emissions of climate forcers,
e.g, GHGs (Edenhofer et al, 2011). Demand for energy and
associated services to meet social and economic development and
improve human welfare and health is increasing. All societies
require energy services to meet basic human needs and to serve
productive processes. Historically, economic development has
been strongly correlated with increasing energy use and growth of
GHG emissions, and renewable energy can help decouple that
correlation (Edenhofer et al., 2011).

In its EU2020 climate and energy package of 2009, the EU
passed The Renewable Energy Directive (RED) (European
Parliament, 2009). The RED set targets for renewable energy
at 20% by 2020. In November 2016, the European Commission
published the so-called winter package, a set of measures that is
part of the ‘Clean Energy for all Europeans’ initiative. A recast of
the RED was included in the package. In 2018, the EU agreed on a
set of ambitious targets in its 2030 energy union strategy, with
renewables expected to cover 32% of total energy consumption
(European Commission, 2018b). To reach such an overall
renewable energy target, by 2030, the EU needs to meet more
than 50% of its gross electricity generation needs through
renewable energy sources (RES) because it is easier (and
cheaper) to decouple the power sector from fossil fuels than
other systems (e.g., transport) (Banja et al., 2017).

Variable/non-dispatchable =~ renewable energy resources
(VRES), namely wind and solar photovoltaic (PV) sources,
grew over four-fold in capacity in Europe between 2007 and
2016, from 62 to 260 GW (IRENA, 2020), and are still increasing.
The costs associated with RES technologies have been decreasing

abruptly, especially for solar PV and wind, which have resulted in
high levels of competitiveness for RES on a more levelized general
power market (IRENA, 2019). However, the large penetration of
intermittent, weather-dependent VRES poses serious threats to
system operation, such as increased interconnector flows, greater
need for balancing and storage, as well as curtailment of VRES
(Collins et al., 2018).

The large penetration of VRES on some electric grids has
resulted in curtailment in recent years. Studies of renewable
energy grid integration have found that curtailment levels may
grow as wind and solar energy generation penetration increases
(Bird et al., 2016). Collins et al, (2018) found that variable
renewable curtailment increased linearly beyond 20%
penetration of VRES and that it is an inherent part of highly
variable renewable power systems. This is due to operational
inefficiency and the costs associated with additional transmission
infrastructure and the storage systems needed to avoid
curtailment. This challenge could be addressed by trading with
neighboring countries/regions or adding more flexible options,
depending, case by case, on what is more secure and economically
viable.

A broad spectrum of energy storage technologies are
currently being evaluated as candidates for transferring
surpluses from the electricity grid to the gas grid or a gas-
consuming process. The importance of gas technologies for
handling high shares of VRES and complying with future
curtailment of generation is being discussed at length.
Simonis and Newborough (2017) modeled excess wind power
in the Emden region of Germany between 2015 and 2020. The
study is based on time series data for wind generation and
electricity demand, exhibiting that excess renewable electricity
levels will reach about 40 MW and 45 GW h per annum by 2020.
They concluded that achieving a progression in power-to-gas
capacity in the preceding period is necessary.

In this context, rSOC technologies may play a pivotal role in
the transition toward the decarbonization of the power grid.
The rSOC system can be operated in electrolysis mode using
excess power from vRES to generate H, or in fuel cell mode by
oxidising an H, rich energy carrier to produce electricity. As
energy convertors, rSOC systems may enable the penetration
of large amounts of VRES in the power grid by offering
balancing services and producing renewable fuels for the
industry, transport, and heating and cooling sectors, which
are the hardest sectors to decouple from fossil fuels. Hutty
et al, (2020) presented a successful proof-of-concept
application of rSOC systems to real microgrid cases. They
found that rSOC systems may reduce the import of grid power
and reach up to 50% of grid independence while attaining cost-
effectiveness.
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Although various technologies exist to provide additional
energy storage to the grid, each technology works with a
distinct and strict time and energy capacity range (Olsen et al.,
2020). Indeed, energy storage systems based on rSOC technology
present some key advantages in flexibility, adaptability, capability,
and efficiency, where more pronounced balancing needs are
observed. The rSOC systems boast easy scalability (e.g., kW to
MW) and can be used hourly up to monthly timescales. They can
therefore be deployed at different locations, where they can either
store energy as fuels or chemicals or be connected to the natural
gas grid. The round trip efficiency for these systems is close to
70%, and it is anticipated that this could rise to 80% (Peters et al.,
2015). Furthermore, because of the solid feature of solid-oxide
stacks, there is limited risk of electrolyte leakage. On the other
hand, there are safety issues in terms of fuel utilization, such as:
risk of corrosion of materials, carbon deposition and nickel
oxidation; the presence of impurities and gas cleaning;
balance-of-plant (BoP) modifications and/or new burner and
heat exchanger installation. These issues are expected to be
resolved and/or fine-tuned to achieve full integration of rSOC
systems with gasifiers for large scale deployment (Liu et al., 2013).

A case study for applying a multifunctional system, named
Waste2Grids (W2G) hereafter, is proposed. A W2G plant is a
combination of an rSOC system with a waste biomass gasifier
connected to natural gas and power grids (W2G Project). In a
W2G system, the H, is produced with an rSOC operated as an
electrolyser, using excess power from VRES. The H, is then
combined with syngas from biowaste and residue gasification
to produce synthetic CHy. The rSOC system can also be operated
in fuel cell mode by oxidising syngas to produce electricity.

CHy, is considered an optimal final chemical product due to its
large-scale distribution, storage infrastructures and applications.
The amount of H, that could be directly injected into the gas grid
is limited by country specific standards and regulations to a
maximum of 0-12 vol% (Gétz et al., 2016). In contrast, synthetic
CH, may exploit existing natural gas infrastructures for storage in
large quantities over long periods of time (in Europe alone,
storage capacity is about 1 PW h, ie., ca. 20% of the total
annual consumption) (GIE, 2018). The direct methanation of
biogas using hydrogen from electrolysis is another promising
pathway for the seasonal storage of renewables in the natural gas
network in terms of cost savings (Calbry-muzyka and
Schildhauer, 2020). Because it has a large storage and
distribution infrastructure already available, CH, is an optimal
energy and carbon carrier that could make vRES available to a
large portfolio of final uses due to its intensive integration with
other well-established natural gas sectors and facilities,
i.e, mobility, as compressed natural gas (CNG) motor fuel,
industry or space heating and cooling. An efficient combustion
natural gas has low tailpipe or stack emissions. If used in fuel cells,
there is virtually no emission of harmful pollutants in the
operation phase (Schreiber et al., 2020). This combination of
biowaste and residue gasification with the rSOC provides the
added value of efficiently disposing and valorizing organic waste,
thus limiting environmental impact.

Wang et al. (Wang et al, 2020) originally presented the
concept and developed the thermodynamic performance of the
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novel W2G technology. Building upon these findings, the present
study develops and presents an overall methodology for the
identification and potential deployment of this technology in
specific areas by applying it to an Italian case study. The present
study investigates Italian power market zones to identify the areas
with the highest penetration of vRES (i.e., VRES-dominated zone)
and need storage capacity and flexibility/adequacy in the power
system. Based on the historical data of vRES generation and load
in the Italian power market and the planned penetration of
intermittent renewables, we developed residual load scenario
simulations for 2030. These were calculated and matched with
biowaste availability, considering the efficiencies of a
representative set of novel W2G systems and the maximum
technical W2G deployment potential. This study also estimates
the hourly power grid balancing needs in 2030 based on NECP
projections, along with the spatial distribution and availability of
biowaste.

2 MATERIALS AND METHODS

The overall goal of the W2G technology is to facilitate the
penetration of VRES power in RES-dominated areas and
efficiently dispose of organic waste by balancing the grid and,
at the same time, synthesising a renewable chemical. The first step
involves converting various types of carbon-containing waste
(e.g., industrial and municipal organic waste, secondary and
tertiary biomass) into syngas, a mixture of H,/carbon
monoxide (CO)/carbon dioxide (CO,), via gasification. The
syngas is then cleaned and further conditioned (if necessary)
to meet the requirements of the rSOC unit. It works in Solid-
Oxide Fuel Cell (SOFC) mode for power generation (PowGen)
and Solid-Oxide Electrolysis Cell (SOEC) mode for power storage
(PowsSto). This two-mode operation, as defined in W2G, requires
interaction with an electrical grid to capture electricity storage
and generation needs. However, there might be times when the
amount of generated and demanded power are close to each
other, i.e., when the corresponding residual loads are limited. To
keep the system in continuous operation and avoid the costly and
inefficient shutdown and start-up phases, a third operation mode,
the power neutral mode, has been introduced (PowNeu). In
PowNeu mode, the power produced internally in SOFC mode
is also used internally to produce CH,4 in SOEC mode. Thus, the
plant can be considered as isolated from the electrical grid but
remains under operation and can quickly be back-in-service for
the electrical grid by switching from the PowNeu mode to
PowGen or PowSto modes.

The schematics of the energy flows of the three modes are
shown in Figure 1. The gasification process operates all the time,
while the solid-oxide cell switches among the three operating
modes, depending on the balancing scenarios. In order to allow
the operation of the three modes in a single plant, the solid-oxide
cell stacks are split into two blocks, Block A and B. Both blocks
can switch between SOFC (PowGen) and SOEC (PowSto) modes.
The PowGen mode converts the cleaned syngas from the
gasification process into power with the fuel cell operation of
the solid-oxide cell stack (both Block A and B) and delivers the
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FIGURE 1 | Schematic illustration of the energy flows of the three modes for W2G plants. The red arrows stand for energy flows related to biomass fed into the plant
and the syngas generated from the gasification processes; the green arrows represent power/electricity flows; the blue arrows indicate energy flows related to water and
steam; the purple arrows are the energy flows related to the CH, produced. The rSOC stacks are split into two blocks —Block A and Block B, to allow for the operation of
the three modes in one single plant; Gas production and clean.: gasification and cleaning; FC: fuel cell operation; EC: electrolyzer operation. The Figure is only a

simple illustration and does not represent a detailed flowchart.
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electricity produced to the grid. The PowSto mode imports
electricity from the grid and converts the syngas from the
gasification process into CH, with the electrolyser operation of
the solid-oxide cell stack (both Block A and B), and sends the CH
produced to the natural gas grid. In the PowNeu mode, a part of
the syngas is converted in Block A (SOFC operation) into power
to drive the Block B (SOEC operation) so that the remaining
syngas can be converted into CH4. The overall process is
exothermic with a considerable amount of excess heat at the
intermediate temperature levels, which can be used by an
additional steam cycle to enhance the efficiency of each
mode. The concept and thermodynamic performances of
W2G technology are described in full detail by Wang et al,
(2020).

2.1 General Methodology to Assess the
Potential Deployment of Waste2GridS

Systems

The methodology for estimating the potential technical
deployment of W2G systems in 2030 involves three main
tasks (Figure 2). In the first task, an analysis of historical
disaggregated data is carried out to quantify the current
dispatchable and flexible generation needs (residual loads) in
the different market zones with high vRES penetration and the
expected development of residual loads in 2030 according to the
expected penetration of wind and PV. The second parallel task
involves a geographically explicit assessment of the available
biomass in the selected areas and feedstock to support the
deployment of the W2G technology. The last task involves the
identification of the maximum potential deployment of the W2G
technology, based on the future availability of waste and residues
and the expected theoretical balancing needs of the power system,
due to the higher penetration of vRES in 2030.

2.1.1 Analysis of Current and Future Power
Balancing Needs

The current and 2030 balancing scenarios were developed for
different electrical zones in Italy to identify the optimal case study
(see Section 3.1), based on a statistical analysis of historical/
forecasted data provided by the Italian Transmission System
Operator (TSO) (Terna, 2019a). The data for the 2030
scenario estimate were obtained by scaling the current power
profiles in Italy to the planned expectations for 2030, based on
growth targets and trajectories for the renewable share of the
electricity sector according to the Italian National Energy and
Climate Plan -NECP (Ministero dello Sviluppo Economico et al.,
2019). The different zones are assumed to increase proportionally
to Italy as a whole. Table 1 reports the expected increase of RES
penetration in the time horizon 2016-2030 in Italy, provided
by NECP.

The electricity grid balancing power profiles were estimated
based on dispatchable and flexible generation needs. These were
defined in terms of residual loads, namely, the imbalance between
gross consumption and VRES generation (the sum of wind and
solar power generation). The energy balance of the electrical
system was calculated on an hourly basis. The residual load was
defined hour by hour as the difference between the foreseen load
(total electricity demand) and the production from vRES. A
positive residual load implies the need for energy sources
other than PV and wind to fulfill the grid requirements. A
negative residual load occurs when the grid cannot fully
absorb the available VRES. The resultant overproduction would
be curtailed or fed to a power storage system. The PowGen and
PowSto modes of the W2G rSOC system would then be used to
balance the positive and negative residual loads, respectively.

To allow for year-to-year fluctuations in the climatological
drivers affecting wind and solar PV capacity factors and
generation trends, the current power generation profile.
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FIGURE 2 | Exemplification of the methodology adopted in this work to determine the potential deployment of the W2G systems in specific RES-dominated areas.

TABLE 1 | Italian electric energy mix for RES, in terms of installed capacity (MW) and electricity production (TW h), normalized according to the Directive 2009/28/CE, source:
NECP (Ministero dello Sviluppo Economico et al., 2019).

2016 2017 2025 2030
Installed Electricity Installed Electricity Installed Electricity Installed Electricity
capacity production capacity production capacity production capacity production
(MW) (TW h) (MW) (TW h) (MW) (TW h) (MW) (TW h)
Hydro 18,641 46.2 18,863 46.0 19,140 49.0 19,200 49.3
Geothermal 815 6.3 813 6.2 920 6.9 950 71
Wind 9,410 16.5 9,766 17.2 15,950 (300 31 19,300 (900 415
off-shore) off-shore)
Bioenergy 4,124 19.4 4,135 19.3 3,570 16 3,760 15.7
Solar-PV 19,269 221 19,682 24.4 28,550 40.1 52,000 731
(250 CSP) (800 CSP)
RES 34.0% 34.1% 42.6% 55.0%
share (%)
Resultant capacity factor average values were applied to up-to-  factor values may lead to peak shaving and, consequently,

date installed capacity rates for 2018, to determine current VRES ~ underestimate the maximum capacity of the VRES system, this
energy production. Even though the use of the average capacity =~ approach was the best compromise, to overcome the inadequacy
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FIGURE 3 | Statistics of 2011-2018 (w/o0 2012) historical hourly based data of capacity factors for PV (A) and wind (B) corresponding to January (cold season).
Interdecile range, interquartile range, median (MED), and average (AVE) values are plotted.

of one single year representativeness in depicting the inter-annual
variability. Load profiles are elaborated accordingly. The inter-
annual time-series are compared as a function of working and
non-working days to consider the bias caused by the load
reduction occurring systematically during weekends.

Figures 3, 4 show the inter-annual variation of historical data
relating to capacity factors for wind and solar PV 2011-2018 (w/o
2012) for two months from each year, referring to the selected
electrical Italian zone (see Section 3.1) in Southern Italy. The two
months reported are January and July, as they were considered
representative of the cold and warm seasons. The green line
indicates the averaged values taken as current status to calculate
power generation according to the installed capacity reported
for 2018.

Wind power production exhibits no clear diurnal pattern
but a favorable seasonal profile with much more intensity and
variation and a consequent higher production during the cold
season. Solar PV is characterized by its typical daily pattern,
with multi-peak daily trends with higher intensity in the
middle of the day and steep changes in concomitance with
sunrise and sunset, as well as a higher contribution in the warm
season.

To estimate the expected residual loads in 2030, the current hourly-
based generation profiles and the electrical load patterns were generated
for the entire annual timescale. The dataset was then scaled to 2030
based on the targets provided by NECP (Ministero dello Sviluppo

Economico et al., 2019). The applied increase coefficients are assumed,
in comparison to 2018 installed capacity, as 222.7, 276.5, and 102.1%,
for wind, PV generation, and load, respectively.

2.1.2 Biomass Assessment

In combination with evaluating the grid balancing needs in 2030,
we also characterized the biomass availability to fuel the W2G
technology. There are many biomass classification schemes
available worldwide.

The scheme adopted in this work was developed by the EU
BEE Project (Biomass Energy Europe Project, 2020), which aimed
to harmonize methodologies for biomass resource assessments
for energy purposes in Europe and its neighboring countries. This
approach to biomass assessment is in compliance with the EU
S2Biom Project (S2Biom Project, 2020). Accordingly, biomass
resources were evaluated as follows:

Energy crops: wood energy crops (short rotation forestry,
ie, willow, -eucalyptus, poplar), grass energy crops
(miscanthus, hemp), oilseed crops (rape, linseed, sunflower),
hydroponics (lake weed, kelp algae).

Wood, wood residues and by-products: wood and wood
branches from forest, wood residues from the industrial
sector (sawmills, construction, furniture).

Agricultural residues: wheat or barley straw, corn stover,
pruning (fruit, vineyard).
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FIGURE 4 | Statistics of 2011-2018 (w/o 2012) historical hourly based data of capacity factors for PV (A) and wind (B) corresponding to July (warm season).
Interdecile range, interquartile range, median (MED), and average (AVE) values are plotted.

Livestock: pig and cattle slurry, sheep manure, grass silage,
poultry litter.

Agro-industrial residues: residues and waste from various
processes in the distillery, dairy, meat, fish, oils, fruit and
vegetable sectors.

Waste: sewage sludge, organic fraction of MSW.

Taking into account the technology investigated and the
characteristics of the examined areas, the following biowaste
categories are considered:

Agricultural residues: cereal straw, fruits tree pruning.
Waste: MSW organic fractions, waste wood, and waste paper.

The Italian National Institute of Statistics (ISTAT a, 2020)
reports annual grain and fruit production and their cultivated
areas at the EU NUTS 2 level (European Commission, 2018c).
The annual straw and pruning are computed at the NUTS 2 level
and then allocated on the NUTS 3 level using information from
the Italian Agriculture Census (ISTAT b, 2020) as a proxy,
enabling a higher spatial resolution at the scale of Italian
municipalities. Straw and pruning residues are then
quantified by applying specific empirical conversion factors,
taken from (ENAMA, 2011), to the annual production of grain
and fruits.

MSW data are provided by the Italian Institute for
Environmental Protection and Research (ISPRA) (ISPRA
Waste database, 2020), the public Italian authority in charge
of monitoring waste management, which elaborates on the
annual MSW report, a database containing quantitative data
on all the fractions of the MSW at NUTS3 level. The 2018
report was considered (reference year 2017), and three
different MSW fractions—i.e., organic, paper, and wood-are
quantified for the municipalities of interest. MSW
quantification for the year 2030 was performed according to
the mandatory goals set by the Waste Directive (EU) 2018/851
(European Commission, 2018). The MSW was therefore
considered as separated at origin in its organic fraction.

Annual straw, pruning, waste paper, waste wood, and MSW
data are elaborated and then computed by employing the Q-GIS
(Quantum Geographical Information System) software and
raster algorithms (QGIS, 2020) to produce a georeferenced
dataset on the spatial distribution and availability of organic
waste. The georeferenced datasets ensure data interoperability,
Standard Query Language (SQL) query capabilities, and dynamic
visualization.

The ratio underpinning this shortlist is that the gasification
technology, though it may work with many more feedstock types,
is more reliable and efficient with low moisture feedstock
(Sikarwar et al., 2016). In addition, dry feedstocks are more
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easily transported and stored. Low grade waste streams were also
considered, as hypothetically, these will suffer from less
competition from other uses in a future bio-based economy
and have a lower, and in some cases, negative cost.

Environmental aspects also contributed to the identification of
the feedstocks considered. Fruit tree pruning often involves field
burning, causing the emission of air pollutants. Though it may be
considered a residue, cereal straw provides benefits to soil health,
ecosystem services, and removes carbon from the atmosphere
(Giuntoli et al.,, 2016). Energy crops were excluded for their
competition for agricultural land (European Commission,
2015) and their environmental impact, which involves using
machinery, fertilizers, and pesticides on a large-scale (Agostini
et al.,, 2015).

Several other sources consider the net annual increment (NAI)
of the forest biomass to be available for bioenergy production, at
least partially (e.g., both Biomass Energy Europe Project; S2Biom
Project). However, forest biomass was also excluded from the
present study as we focus on low grade residual biomass, and
because the appropriation of the forest NAI for bioenergy
production would instantaneously release this carbon into the
atmosphere, thus cannot be considered carbon neutral, but rather
as a foregone sequestration (Pan et al., 2011; Maxwell et al., 2019).

Manures were excluded from the present study due to their
moisture content and the difficult and costly processes involved
with handling, transporting, and storing it.

2.1.3 Potential Deployment

We also considered the efficiency of the W2G system to assess
whether the amount of residual biomass and waste estimated for
the 2030 scenario would be sufficient to cover the full grid
balancing needs of the examined area.

There are degrees of freedom in the design of W2G plants. Each
plant itself comprises the processes of onsite biomass pre-treatment,
gasification, syngas cleaning, rSOC stacks, methanator, heat
exchanger network, and steam turbine network (for heat
recovery). The sections of biomass pre-treatment, gasification
and syngas cleaning were considered to operate at full load all
the time without load shifting in order to continuously provide the
same amount of clean syngas for the rSOC stack and methanation
subsystems. The coordination of the two rSOC blocks (Figure 1)
and the methanator enables the plant to switch between the
PowGen/PowSto/PowNeu modes. Therefore, the operating
strategy of each subsystem mentioned above is as follows:

PowGen: biomass pre-treatment, gasification, syngas cleaning,
rSOC block A (SOFC mode), rSOC block B (SOFC mode),
methanator (hot standby), heat exchanger network, and steam
turbine network.

PowSto: biomass pre-treatment, gasification, syngas cleaning,
rSOC block A (SOFC mode), rSOC block B (SOEC mode),
methanator (partial-load operation), heat exchanger network,
and steam turbine network.

PowNeu: biomass pre-treatment, gasification, syngas cleaning,
rSOC block A (SOEC mode), rSOC block B (SOEC mode),
methanator (full-load operation), heat exchanger network, and
steam turbine network.

Deployment of novel rSOC Systems

The plant design can be varied by changing (1) the
combination of gasification technology (entrained flow gasifier
or circulating fluidized bed gasifier), syngas cleaning technology
(hot/cold), electrolysis mode (steam electrolysis or co-
electrolysis), and (2) the design operating points of the key
components, particularly the stacks (under both SOFC and
SOEC modes). For this paper, the technology combination
was selected as it is a fast-internally circulating fluidized bed
gasifier, hot syngas cleaning, and fuel-electrode supported cell
stack. All the aspects mentioned above were implemented into an
optimization platform to derive a set of optimal plant designs
(design pool). They show the trade-off between mode-efficiency
(i.e., PowGen, PowSto) and capital expenditure (CAPEX), or
specific cell area per kW-LHYV of the processed biomass. For the
purpose of this work, five options are shortlisted from the pool of
the optimal designs, which we considered sufficient to enable a
good coverage of the overall characteristics of the W2G
technology. Other design freedoms can be automatically
optimized by considering different process configurations, as
detailed in Wang et al.,, (2020).

The key stack design points for the five designs selected are
listed in Table 2. The energy content of the biomass needed as
input to produce the specified amounts of electricity or CH4, and
the corresponding efficiency values in PowSto and PowGen
modes are also reported.

The energy content of the available feedstocks was quantified
by applying the same lower heating values (LHV) used by the
European Commission for the calculation of the default values of
the RED (Giuntoli et al., 2017).

By combining the waste availability and process design
efficiencies, the constraints to the deployment of the W2G
technology were identified in terms of maximum power
utilization in the PowSto mode and the PowGen mode.

3 RESULTS

In this section, the results of the biowaste availability, power grid
balancing needs, and potential deployment of the W2G
technology are reported. All these estimates represent the
technical sustainable potential, they do not account for
competition with other uses of the biomass and waste, as these
depend on the economic performance of the technology and
markets and policies that are not accounted for in this work.
Furthermore, they do not account for the potential use of other
technologies for the stabilization of the power grid or connectivity
with other power markets to dispose of the excess power
from vRES.

3.1 Identification of vVRES-Dominated Areas
and Future Dispatchable and Flexible Power
Generation Needs

The Italian power market uses zonal management systems, which
reflect grid limitations in transmission capacity. The stretched
shape of the Italian Peninsula, dominated by the Apennines, a
mountain chain extending from the North-West to South-East,
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TABLE 2 | Key stack design points, energy flows needed as input to produce the specified amounts of electricity or CH,, and the corresponding efficiency values in PowSto

and PowGen modes, for the five optimal designs selected.

SOFC mode SOEC mode
Design Utilisation Current Oxygen side Electricity PowGen Utilisation Current Oxygen side Methanation Electricity Power PowSto
options factor density flow rate produced efficiency* factor density flow rate pressure consumed stored in efficiency**
methane

(Acm?  (sccmcm™) (kW h) (%) (Acm™) (Acm?  (sccm cm™) (bar) (KW h) (kW h) (%)
1 0.58 0.38 68.1 21,862 43.6 0.55 0.61 5.63 24 24,287 41,959 56.4
2 0.75 0.3 53.1 23,756 47.4 0.57 0.61 8.24 19 48,533 67,836 68.8
3 0.88 0.27 51.3 25,149 50.2 0.72 0.56 1.08 27 47,692 67,836 69.4
4 0.78 0.33 61.4 25,564 51 0.78 0.35 0.47 19 19,044 38,588 55.8
5 0.9 0.23 M7 26,986 53.9 0.64 0.37 1.27 23 49,638 67,879 68.1

*According to the energy flows of the plant shown in Figure 1, the PowGen efficiency is defined as tp,,,cen =

is the biomass energy input based on lower heating value (LHV).

**According to the energy flows of the plant shown in Figure 1, the PowSto efficiency is defined as np,,,s;, =

E/hv

heating value, bio,in

FIGURE 5 | Zones in the Italian electricity system (adapted from Terna,
2019b).

bordered by narrow coastlands across the middle of the country,
limits the possibility of achieving a full meshed grid integration,
especially between North and South of Italy. The Italian electricity
market implemented a zonal structure in which the zones are
defined as parts of the National power grid, where physical limits
exist for electricity transfers to/from other geographical areas.
The six geographical zones of the national network are shown in

. b
is the biomass energy input based on lower heating value (LHV), and Egejn is the electri

whereE, aleout IS the net electricity exported to the electrical grid and E g,;m

Eeoout
T
Eb/o/n

v

= v
sngout =
F , where

o *+Eacin sngou

« is the SNG exported to the gas grid based on lower
icity /')nported from the electrical grid.

Figure 5: Northern Italy (NORD), Central-Northern Italy
(CNOR), Central-Southern Italy (CSUD), Southern Italy
(SUD), Sicily (SICI), and Sardinia (SARD). It is likely that in
the future, there will be more investment in the grid to help
increase the flexibility of the overall system, reduce curtailments
and local congestion. However, the short- to mid- term
deployment of local storage systems could play an important
role in a transition to high-vRES scenarios.

In Italy, at the end of 2017, the installed capacity of wind and
solar PV was approximately 9.8 and 19.7 GW, corresponding to
17.2 and 24.4 TW h of electricity generation, respectively. This
represents a total renewable energy penetration of 12.5%, which is
expected to increase over the next few years. The NECP envisages
a central role for VRES in the future Italian power energy mix,
with PV expected to account for more than a half of the power
capacity by the end of the decade, (i.e., 50 GW installed capacity
by 2030). In NECP projections, RES estimate an electricity
generation of 186.8 TW h, including 74.5 and 40.1 TW h of PV
and wind power, respectively. In this study the 2018 data
provided by TERNA, the Italian TSO in charge of high voltage
electricity transmission networks and the auxiliary services
market throughout the country, were explored and
disaggregated into the six market zones. The 2018 renewable
penetration rates for wind and PV power are 5, 10, 16, 27, 28, and
54%, in NORD, CNOR, CSUD. SARD, SICI, and SUD,
respectively (Ministero dello Sviluppo Economico et al., 2019).

Figure 6 shows the distribution of the PV and wind power
installed capacity in Italy in provinces and regions, respectively.
Most wind power plants (more than 95%) are located in the south
of Italy, while solar PV plants are distributed more uniformly
throughout the country, with a slightly higher contribution in
northern regions. In terms of power generation, the higher
productivity of the PV plants in the South is due to more
than 2000 h of sunshine per year, counterbalanced by a higher
number of proper sites for distributed generation in the North
(e.g., civil and industrial building roofs). However, Northern
regions, being more densely populated and industrialized,
exhibit a less pronounced overproduction from VRES
(Guandalini et al., 2017), indicating that Southern areas will be
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FIGURE 7 | The total variable renewable generation (PV and wind) and residual load (hourly-based) in January (A) and July (B) for the RES-dominated regions in

ltaly, namely the SUD zone as here defined. Expected scenarios in 2030.
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TABLE 3 | Summary of overproduction in different zones of the Italian electrical
power system, according to TSO data and our projections.

Hours in overproduction

Zones 2018 Multiannual hourly average 2030
SUD 1,240 350 4,715
SICI 1 0 1,498
SARD 200 0 1,659
NORD 0 0 4
CNORD 0 0 102
CSUD 0 0 119

The multiannual scenario refers to the current scenario, i.e., the hourly inter-annual mean
from 2011 to 2018 (2012 was not available). The electrical zones are geographically
visualized on the map in Figure 5.

more impacted by transmission congestion and energy
curtailments in the future.

A recent analysis of the Italian authority for power system
management shows that VvRES penetration has already
determined an increasing wind curtailment in Italy. In 2019,
the wind power energy curtailment was estimated at 6,067 GW h
(3% of the total wind production), 62% of which is concentrated
in the South of Italy (ARERA, 2020).

The Italian lockdown in spring 2020 due to the Covid-19
pandemic can be considered a sort of real-scale laboratory
experiment of the expected conditions of the electricity system
in 2030. According to preliminary estimations (ENEA, 2020),
wind curtailment could have reached ca. 60 GW h in a single
week (April 27-May 3, 2020), corresponding to 10% of the total
wind curtailment in 2019, and providing important warning
signals about the adequacy of the future power system.

This is reflected by our 2030 power grid balancing scenarios.
Figure 7 shows hourly-based residual loads patterns for SUD; the
zone exhibiting the highest negative residual loads. The plots refer
only to two months, ie, January and July, reported as
representative of the cold and warm seasons. They show that a
low frequency of positive residual loads and a large overproduction
of VRES power are expected (i.e., flexibility needs dominated by
PowSto), without significant seasonal fluctuations. In SUD. The
influence of heating and lightning requirements during winter is
counterbalanced by cooling system consumption during summer,
resulting in a limited annual variation in electricity demand.

Table 3 reports our estimations, calculated from the same
dataset, of hours in overproduction for 2030 in Italy. They
evidence a much more pronounced overproduction for SUD
with respect to the other zones, corresponding to a large
increase in installed VRES capacity, which drives a strong
mismatch between production and load. This points to
significant storage requirements in the time horizon 2020-2030,
with large capacity combined with rapid charge/discharge periods,
which could potentially be matched by the W2G technology.

Molise, Puglia, Basilicata, and Calabria, the four regions in the SUD
zone, were therefore identified as the main RES-dominated Italian
areas, and SUD was selected as the case study in the present work.

3.2 Residual Biomass Availability in 2030

The amount of biomass available that could be converted to
syngas and enable the operation of W2G technology in the

Deployment of novel rSOC Systems

RES-dominated zone SUD was quantified by building a
Geographical Information System (GIS) geodatabase that
spatially covers the areas identified as the power market
zone SUD (i.e., the regions Molise, Puglia, Basilicata, and
Calabria) and the region Campania. The neighboring region
of Campania was added for the biomass availability
quantification because of the high potential of municipal
solid waste (MSW) production from the city of Naples and
its surrounding area and their lack of disposal capacity
(i.e., issues experienced with illegal waste disposal and
export to other regions) (Ripa al., 2017). The
georeferenced database was used as input to evaluate the
feasibility of the proposed technology and to estimate the
size of future plants with the scope of balancing the 2030
electricity grid by recycling waste, taking into account its 2030
targets in compliance with the RED recast (European
Comission, 2018) directive and the EU Circular Economy
package (European Comission, 2018).

The agricultural residues considered include cereals, straw,
and fruit trees pruning, as these were identified as the most
relevant agricultural residues in the selected southern regions.
SUD presents a total area of 62,531 km?, of which 17,550 and
9,962 km” are covered by cereal crop cultivation and fruit tree
plantations, respectively.

For the regions under evaluation, the crops chosen for the
straw biomass availability assessment were Wheat, Barley, Oat,
Rice, Corn, and horticulture. These cultivation areas for these
crops amount to 1,755,020 ha. The fruit trees with more relevant
production in the selected regions were olives, vineyards, peaches,
apricots, cherries, and oranges, for the reference year 2018,
totaling an area equal to 996,234 ha.

The sustainability standards for agricultural forestry and land
management deriving from the Common Agricultural Policy
(CAP) (European Commission, 2018a) were taken into
account to elaborate the 2030 projections for agricultural
farming practices, land management, and agreed (national and
regional) forestry management plans.

The CAP sustainable agricultural farming practices include
applying conservation of Soil Organic Carbon (SOC) practices
(e.g., Cross Compliance issues of ‘maintaining agricultural
land in good farming and management condition’ and
avoiding soil erosion). Moreover, there may be market
constraints, as straw is already used for livestock bedding,
animal feed, and in the future could be used in biorefineries,
building biomaterials, and second-generation biofuel
(ENAMA Biomass Project, 2020). Therefore, to account for
the impact on soil health, ecosystem services, storage of carbon
in the soil, and competition with other markets, only a
conservative 30% of total straw production was estimated to
be available in 2030.

Fruit tree pruning currently has limited uses. They can be used
for conventional combustion. However, given the very high
moisture content (about 60%), high bark and ashe content,
low spatial density (2-4td.m./ha), and the high collection
bailing and transport costs, they are not competitive on the
market. Currently, pruning offcuts are left in the fields or
burned to preserve fruit trees from infection (ENAMA
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FIGURE 8 | Georeferenced maps of 2030 projections, technical potential for (A) pruning, (B) straw (C) wood, (D) paper (E) municipal organic waste, and (F) total
feedstocks availability.
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FIGURE 9 | Biomass potential classification, adapted from (S2Biom Project).
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TABLE 4 | Technical potential of the feedstock in 2030.

Deployment of novel rSOC Systems

Feedstock Availability in Moisture %* Energy content Energy content
2030 (t) LHV (MJ/kg dry)** (kWh of the dry part)
Agricultural residues Pruning 1,221,102 18.0 6,105,510
Straw 826,384 17.2 3,948,279
Municipal Solid Waste—MSW, separated at origin Organic 3,721,023 50 20.7 10,697,941
Paper 796,697 10 18.0 3,585,137
Wood 86,110 10 18.0 387,495
Total 24,724,362

*Average, from (TNO, 2020).
**(Giuntoli et al., 2017).

Biomass Project, 2020). The real limitation for the use of this
resource in the year 2030 is likely to be feedstock market prices, in
case of pruning for syngas conversion, as no significant
environmental constraints were present. For the year 2030, the
base potential is considered 90% of the potential calculated
for 2018.

The 2030 waste stream availability was estimated based on
demographic projection and the goals outlined in the Circular
Economy Package Directive (European Commission, 2018).

Figures 8A-E show georeferenced maps of expected waste and
residue availability in 2030, indicating pruning, straw, waste paper,
waste wood, and MSW, respectively. Figure 8F shows the total waste
and residue availability for gasification in a W2G plant in 2030.

The potential obtained was thus considered as sustainable
technical potential (Figure 9). It does not include any economic
aspects, in particular, regarding alternative uses of the same
feedstocks in a future European bioeconomy. While this
methodological approach tends to overestimate the availability
of waste and residue, limiting the waste and supply area to the
region under analysis has an opposite impact on estimates, as it
excludes potential imports. Residue (and waste in particular) are
often transported for long distances, e.g., a large percentage of the
waste produced in the Central and Southern regions of Italy are
treated in plants located in the Northern regions, indicating a
national movement of waste from South to North (Malinauskaite
et al., 2017). Transboundary transport is common as well. In
extraordinary cases, large amounts are transported between
countries (The New York Times, 2020. A Whiff of Naples
Arrives in Hamburg, 2008). Thus, in the framework of this
study, we referred to the technical potential to account for at
least current sustainability constraints, refraining from any
economic analysis and market and policy issues, such as
future competing uses. The georeferenced organic waste
stream database and the power grid data have been made
available online (W2G Project).

Table 4 provides the total technical potential of residues and
waste available for SUD in 2030 and the corresponding energy
content. The energy content refers to the dry part of the biomass.
This approach reflects the limited impact of water content on
gasification processes, which contrasts with combustion, where the
moisture content of the fuel was determined. For the year 2018, the
maximum technical potential of straw was estimated at
2,754,612 t dm./year, while the maximum technical potential of
pruning was 1,356,780 t d.m./year.

TABLE 5 | Comparison between the residual loads and the local (in-around SUD)
biomass waste and residue availability, in terms of energy content, by
adopting W2G technology in the five proposed designs.

Design Design Design Design Design
1 2 3 4 5

Biomass need 19,485 9,750 9,922 24,849 9,534
PowSto (GWh)

Biomass need 12,697 11,684 11,037 10,858 10,286
PowGen (GWh)

Total biomass 32,182 21,435 20,960 35,707 19,819
need (GWh)

Total biomass 24,724 24,724 24,724 24,724 24,724
available (GWh)

Total need/total 130% 87% 85% 144% 80%
available (%)

PowSto need/total 79% 39% 40% 101% 39%
available (%)

PowGen need/total 51% 47% 45% 44% 42%
available (%)

The cases in which the biomass is not sufficient to fully balance the residual loads are
highlighted in red.

3.3 Potential Deployment of Waste2GridS
Technology in the Italian Case Study

The maximum potential installed capacity is identified for the
RES-dominated zone SUD, both in PowGen and PowSto modes.

Table 5 presents the results, comparing the residual loads expected
in 2030 with the maximum power capacity of the W2G technology,
which can be matched by the biomass waste and residues available
(Table 4) in those regions. The five best performing designs—D1, D2,
D3, D4, and D5—and the corresponding efficiencies were taken into
account (Table 2). Data are reported in terms of availability of
biomass with respect to the energy needs for the two examined
modes of operation, ie., PowGen mode and PowSto mode, for SUD.
The total waste availability is the total energy content of waste and
residues, expressed in MW h.

Biomass needs PowGen is the amount of biomass required as
gasification feedstock to fuel the PowGen operation required to
balance the power grid. Biomass need PowSto, shows the total
amount of biomass needed to produce the amount of syngas
required to match the amount of excess electricity in the power
grid, and stoichiometrically produce enough CH, to be injected
into the gas grid. The total biomass need corresponds to the sum
of Biomass need PowSto, and Biomass need PowGen.
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FIGURE 10 | Frequency histogram of the hourly PowGen/PowSto power capacity (A). Energy content of waste and residues needed to support W2G technology
deployed in the VRES-dominated zone (B). 2030 scenario in Southern Italy (SUD zone).

If the total biomass need is larger than the total biomass
availability, this implies a surplus of biomass. The only constraint
to W2G technology deployment is the flexibility needs of the
power grid. The cells in red highlight the cases in which the
residue and waste are not sufficient to cover the balancing and
flexibility demands of the power grid.

Histograms in Figure 10 show the frequency and capacity of
hourly balancing needs for the power grid system analysis in 2030
(A) and the cumulative residual load in terms of power
consumption or production (B). The cumulative residual load
represents the potential operation of W2G systems in PowGen
and PowSto modes, to fully satisfy the dispatchable and flexible
generation needs of the power grid.

In PowGen mode, the amount of available biomass satisfies the
energy demand for all the configurations. The biomass availability is not
a constraint to the operation of the PowGen mode. The local biomass
would be able to balance the excess electricity in the power grid in SUD.
The same is true in PowSto mode for D1, D2, D3, and D5, whereas the
amount of biomass is sufficient to run a maximum capacity of 4225 MW
in PowSto mode, D4. These results correspond to the production of
renewable CH, in the range 1.4-2.4 Mt. The total biomass required to
balance the power grid in both modes of operation is considerably higher

than the amount of biomass potentially available in 2030, resulting in not
enough in D1 and D4 designs.

The methodology applied in this work show that
incorporating the 2030 expectations of wind and solar power
penetration into the existing electricity system in SUD, would
result in large and frequent surpluses and deficits that are
attributable to the patterns of VRES variability. In order to satisfy
the magnitude of the surplus and deficits, corresponding in total to
ca. 55 and 94 TWh, respectively, a 4,025 and 6,600 MW of
maximum potential installed capacity are identified when the
system is operated as PowGen and PowSto, respectively.

4 DISCUSSION

W2G systems are rSOC combined with the gasification of waste
and residues. The overall approach of the system was conceived in
this perspective to provide grid-balancing flexible services with
the ability to fulfill upward and downward power adjustments
that are able to operate both as SOFC and SOEC. The scope of this
work aimed to estimate the potential role of the W2G system in
fulfilling the reasonably predicted 2030 power grid balancing
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needs for a well-defined case study of a specific geographical zone
in terms of biomass availability and vRES penetration.

In the first step of the analysis, the 2030 dispatchable and
flexible power generation needs were estimated by the high
penetration of intermittent, weather dependent VRES in Italy.
Based on these results, the power market zone SUD (Figure 5)
was identified as the RES-dominated zone for Italy. In the second
step, the low-grade residual biomass availability in the same area
was quantified. In the third and last step, the power grid balancing
needs were matched with biowaste availability by considering the
efficiency of optimized W2G systems.

Based on statistically high resolution historical data and a
plausible estimation of power generation and load in 2030, this
work provides the characterization of specific power grid
balancing needs and a detailed georeferenced biowaste
availability assessment, to explore the maximum potential
capacities of W2G technology both in power storage mode
and power generation mode.

In the power storage mode, the W2G system uses excess power
from VRES combined with syngas from waste gasification to
produce CH,, which is then injected into the natural gas grid for
transport and storage. This operational mode is a key asset of the
technology as it offers a multiplicity of added values:

it allows a higher penetration of renewables by absorbing the
excess power, which can cause grid unbalances or renewables
power generation curtailment;

it produces an energy and carbon carrier which has already a
large distribution network and storage capacity;

it can provide long term seasonal storage of the excess
renewables power;

it produces an energy carrier which may be used to decouple
fossil fuels fromall sectors of the economy (transport, space
heating, industry and others);

it contributes to solving the issue of organic waste disposal.

In power generation mode, the syngas produced from waste is
used as SOFC to produce renewable power and dispose of organic
wastes and residues.

On top of that, the plant’s reversibility enables continuous
operation, improving efficiency and economic costs by avoiding
both unproductive phases and the ramp-up and down (or
warming and cooling) time of single mode power generation
or storage technologies.

The results indicated that the amount of waste and residue in
the examined Italian region was enough to match the power
storage balancing needs of the power grid. In the power
generation mode, the residue and waste were sufficient to
generate all the electricity need by the power grid in most
design configurations. The potential for the deployment of
W2G technology is impressive, with an order of magnitude of
the rSOC capacity of approximately 4 and 7 GW when the rSOC
operates in power generation and power storage modes,
respectively. The operation of the W2G systems would
correspond to about 55TWh of power generated and
9.6 TW h of energy absorbed from the grid, and approximately
1.4-2.4 Mt of methane produced; while, at the same time,
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disposing of 6.7 Mt of biowaste. In agreement with our
estimate, at least as an order of magnitude, the Italian TSO, in
its adequacy analysis of the NECP scenario, reports projections of
a need of approximately 6 GW additional to centralized storage
capacity, mainly in the South, for 2030 (Terna, 2019c). These
potentials are theoretical upper limits to the deployment of the
W2G systems, as merely the sustainable technical potential of
biowaste and power grid estimated balancing needs are
considered.

5 CONCLUSION

The power sector is one of the main contributors to global
warming, and RES may play a key role in its decarbonization.
The transition toward a climate-neutral energy system
requires higher penetration of VRES, namely wind, and PV.
The EU aims at achieving a 96-99% renewable energy share in
the power sector by 2050 (EU energy roadmap 2050). This
paper proposes a case study for the potential deployment of the
novel W2G rSOC system in the so-called RES-dominated area
in Italy, to enable such a renewable penetration in the power
sector.

The results showed that the power overproduction from
intermittent renewables might be an opportunity instead of an
issue. The W2G technology could dispose of all the organic waste
of a RES-dominated zone and fully balancing the power grid. In
the long term (summer-winter), it could produce valuable
renewable fuels (i.e, syngas, H, and CH,) and a chemical
building block for the other sectors of the economy (transport,
space heating, industry).

The research question underpinning the methodology
proposed in this work is ‘what is the potential deployment
of the W2G technology’. To answer that question, the two
other questions to answer are ‘what is the balancing need of the
power grid in 2030?” and ‘what is the availability of biowaste in
2030?°. This study has presented a methodological approach
that answers these questions. The same approach could also be
applied to other areas characterized by overproduction of
VRES and potentially interested in applying similar
technologies to dispose of the organic waste and balance the
power grid.

The results of the present study show sustainable technical
potentials. They are not meant to represent an optimal solution
but rather indicate the maximum potential deployment of the
technology and support the identification of an optimal design
and scale for future studies. This paper provides insights into
potential operating parameters and locations where W2G-like
technologies could be used to treat biowaste and/or balance the
power grid. This prospective case study does not provide a final
resolution for the application of rSOC technology in the
transition toward a 100% renewable energy power sector in
Italy as it did not account for the economic and political
factors that drive wholesale prices and the total system costs
of the power grid.

This work contributes to understanding of biowaste availability
and which power sector features are needed to implement overall EU
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energy targets. Further to the methodological approach outlined, our
datasets on waste flow availability and power grid balancing needs
provide the basis for similar studies and/or market/techno-economic
optimization modeling in the future.
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Department of Space, Earth and Environment, Division of Energy Technology, Chalmers University of Technology,
Gothenburg, Sweden

Given the importance of climate change it is vital to find a transition away from fossil
fuels. The transition will include electrification of several sectors, for example road
transport, but considering the strong dependency on carbon-based fuels and associated
infrastructures, it is reasonable to assume that biomass-based hydrocarbon will play a
key role to smoothen the transition away from fossil fuels. This study provides an analysis
of direct and indirect technological options for liquid biofuels based on lignocellulosic
resources in the context of greening European fossil-fuel infrastructures. Direct options
are those which result in integration of biogenic feedstock in a fossil-based process and
then co-processing in a downstream conventional unit or substituting a conventional
part of the production chain of a liquid fuel by a bio-based one. Indirect options
are those which pave the way for ramping-up biomass supply chain in the form of
infrastructure and market. Examples of direct options in the focus of this study are
biomass gasification for production of intermediates and biomass pyrolysis substituting
fossil feedstock. Examples of indirect options are co-firing biomass in coal-fired power
plants and integrating biomass gasification plants with district heating (DH) networks.
Such options are important for establishing biomass supply chains and markets. This
study also assesses the potential of biomass use in other industrial sectors not directly
related with fossil-based fuel or energy production, such as the pulp and paper industry
and the iron and steel industry. In this context, opportunities and barriers for both
direct and indirect greening options are discussed, focusing mainly on technological
and logistic aspects. It is highlighted that fossil-fuel infrastructures can act as drivers
for the development of advanced biofuels production as they can reduce the initial
risks, in terms of cost and technological maturity, offering the opportunity to increase
gradually the demand for biomass, and develop the logistic infrastructure. It is, however,
important to make sure that such biofuel production processes are part of a long-term
strategy, which needs incentives to overcome current barriers and eventually phase out
fossil infrastructures.

Keywords: integration, bioeconomy, gasification, pyrolysis, district heating, lignocellulosic biomass, advanced
fuels, co-firing

Frontiers in Energy Research | www.frontiersin.org 25

April 2021 | Volume 9 | Article 636782


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2021.636782
http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2021.636782&domain=pdf&date_stamp=2021-04-06
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://creativecommons.org/licenses/by/4.0/
mailto:stavros.papadokonstantakis@chamers.se
mailto:stavros.papadokonstantakis@chamers.se
https://doi.org/10.3389/fenrg.2021.636782
https://www.frontiersin.org/articles/10.3389/fenrg.2021.636782/full

Karka et al.

Greening Infrastructures via Liquid Biofuels

INTRODUCTION

The European Union (EU) aims at the transition toward a
climate neutral economy in order to reach the goals of the Paris
Agreement (United Nations Climate Change, 2016) adopting
various action plans and strategies. In short term the “2030
climate and energy framework” (European Commission, 2030
climate & energy framework, Climate Action') includes EU-
wide targets and policy objectives targeting at the reduction of
greenhouse gas (GHG) emissions, increased share of renewable
energy and improvement in energy efficiency. In long term, EU
targets at climate neutrality by 2050 (European Commission,
2050 long-term strategy, Climate Action?) in the framework of
the European Green Deal (European Commission, A European
Green Deal®), which includes action plans toward a resource
efficient, circular economy, restoration of biodiversity, and
pollution reduction. In this context, it is likely that in the
foreseeable future the fossil-fuel infrastructure will involve
significant downsizing. A combination of measures will be
most likely needed to compensate this reduced dependency on
fossil fuels, such as change of end-user consumption patterns,
evolution of engines, more efficient logistics, promotion of direct
and indirect electrification, and use of liquid biofuels, either as
drop-in or in blending. Whereas, passenger and light duty road
transportation could be benefitted from electrification aviation,
shipping, and long-haul road transportation are expected to—at
least to a large share—rely on over the next decades (Gudde et al.,
2019).

With respect to increasing the share of liquid (advanced)
biofuels, a major challenge is their production cost in relation
to the fossil fuel alternatives. This is of fundamental importance,
since drastic reductions in production costs of biofuels cannot
be expected, while the cost of the biomass feedstock remains
a substantial part of the fuel price (Thunman et al, 2018;
IEA Bioenergy Report, 2020). Both governmental support for
supporting investments to scale-up the production of biofuels
and long-term market conditions in favor of biofuels are
required. The current regulations in energy use and climate
change have not so far created an environment of long-
term stability to reduce capital risk and unlock massive large-
scale investments on renewable sources (Fuels Europe, 2018).
Two representative policies have a significant impact on the
future of transportation fuels: Fuel Quality Directive (European
Commission, Fuel Quality4) with 6% emissions reductions

Abbreviations: bio-SNG, bio-synthetic natural gas; BFB, bubbling fluidized bed;
BTL, biomass-to-liquids; CCS, carbon capture and storage; CFB, circulating
fluidized bed; CTL, coal-to-liquids; DFB, dual fluidized bed; DME, dimethyl
ether; DH, district heating; EU, European Union; FCC, fluid catalytic cracking;
FT, Fischer-Tropsch; GHG, greenhouse gas; HDO, hydrodeoxygenation; HEFA,
hydrotreated ester and fatty acids; LBG, liquified biogas; LPG, liquefied petroleum
gas; TMP, thermo-mechanical pulp; TRL, technology readiness level; VGO,
vacuum gas oil.

Uhttps://ec.europa.eu/clima/policies/strategies/2030_en
Zhttps://ec.europa.eu/clima/policies/strategies/2050_en
Shttps://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-
deal_en

4European Commission, Fuel Quality. https://ec.europa.eu/clima/policies/
transport/fuel_en

target by 2020 using biofuels, electricity, e-fuels, and upstream
emissions reduction and the Renewable Energy Directive—
Recast to 2030 (European Commission, Renewable Energy—
Recast to 2030 (RED II), EU Science Hub’) including targets
for road and rail transport sub-sectors by 2030 and requiring a
minimum of 14% of the energy consumed as renewable energy.
The Emissions Trading System [European Commission, EU
Emissions Trading System (EU ETS), Climate Action®] is also
expanded for the aviation sector (Fuels Europe, 2018).

Eventually, such policies should be effective at the
development of efficient biomass supply logistics, which is
a vital factor for the success of liquid biofuels. There is significant
potential for establishing biomass supply systems for different
types of lignocellulosic feedstock such as from forests and
short rotation crops. For instance, EU countries like Sweden
and Finland have well-developed forest industry including
production of some liquid biofuels (e.g., bio-ethanol) and
development of biorefineries (Scarlat et al., 2011; Kumar et al.,
2021). Since biomass transportation costs influence the total
biomass fuel costs, production site selection for new biomass
facilities is an important factor when designing biomass supply
networks (Awudu and Zhang, 2012; Yue et al,, 2014; Atashbar
et al.,, 2016). Numerous studies have focused on mathematical
programming and simulation approaches to optimize bio-based
supply chains and support decision making of biofuels or
bioenergy production (Elia et al., 2011; Pérez-Fortes et al., 2012;
You et al, 2012; Yilmaz Balaman and Selim, 2014; O’Neill
and Maravelias, 2021). In such studies, besides the proximity
factor between biomass resources and biofuel production plants,
another factor that should be considered is the potential of using
existing infrastructures for fossil-based fuel production. Potential
benefits may arise from reductions in capital costs, shared utility
infrastructures, and use of existing logistics networks. Moreover,
a description of the employment effects, also for personnel
in existing fossil infrastructures, from the construction and
operation of biofuel supply chains can be found in the study of
Yue et al. (2014).

Thus, the identification of synergies between the existing fossil
infrastructure and liquid biofuel production can play a significant
role toward a realistic gradual phase-out of fossil fuel production.
However, on the technology level, most publications about liquid
fuels production have focused either on facilities that can operate
in isolation (Phillips et al., 2007; Hu and Lu, 2012; Dimitriou
et al., 2018) or as parts of value chains for diverse biorefinery
configurations (Parker et al., 2010; Sadhukhan et al., 2014; Karka
et al,, 2017; Doliente and Samsatli, 2020). This study, instead,
focuses specifically on technological opportunities for “greening”
conventional infrastructures with advanced biofuels processes
based on lignocellulosic feedstock which are at a relatively high
technology readiness level (TRL>6). This can be a win-win
situation, contributing to both a realistic, gradual phase-out
of fossil infrastructures, and to increasing the TRL of biomass
conversion technologies from demonstration to commercial scale
facilities. This perspective also includes more generic options

“https://ec.europa.eu/jrc/en/jec/renewable-energy- recast-2030-red- ii
Ohttps://ec.europa.eu/clima/policies/ets_en
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for integrating biomass toward a carbon-neutral energy sector,
such as co-combustion and co-gasification of biomass and coal
(Lainez-Aguirre et al., 2015; Puigjaner et al., 2015; Cintas et al.,
2018). Thus, this study also includes steppingstone options,
which may be especially relevant for regions with limited or
no experience in biomass logistics. In this regard, a mapping
of relevant European fossil-based and conventional facilities
is also considered. This includes data for capacities of oil
refineries, fossil-based power plants in Europe and potential of
technologies that can be converted to produce liquid biofuels
due to technical feasibility (e.g., biomass boilers converted to
gasifiers). Each greening option is followed by a summary of
the corresponding opportunities and barriers. This refers to
economic, technological, and generic supply chain related factors
which promote or impede the incorporation of these bio-based
technologies in conventional infrastructures. Notwithstanding
the importance of other factors, such as rigorous optimization of
industrial site selection and supply chains as well as influence of
national and international policies, such studies require detailed
case-specific data, which lies outside the scope of the study.
Instead, this study aims at providing the short- to mid-term
perspectives for greening fossil infrastructures in the context of
the most advanced biomass conversion technologies for liquid
biofuels from lignocellulosic feedstock, based on an overview of
the generic technology status, available capacities, and important
techno-economic aspects.

FRAMEWORK OF ANALYSIS

In the framework of the current study, the possibilities for
integrating biofuel production are divided in two categories,
direct and indirect options, as shown in Figure 1.

1. “Direct” are characterized those technological options which
lead to the incorporation of renewable carbon in the
final molecule of the fuels. In practice, the substitution is
achieved by:

- drop-in (blending) of a biogenic feedstock in a fossil-based
process stream and then co-processing in a downstream
conventional unit

- substituting a conventional part of the production chain of
a liquid fuel by a bio-based one.

In both cases, the biogenic feedstock (or intermediate stream) can
be produced, either within the system boundaries of the fossil-
fuel infrastructure or in a decentralized way and then transported
to the fossil-fuel infrastructure for processing. According to
Bunting et al. (2010) and DOE/EERE (2013) three possible
insertion ways for biofuel to entry the petroleum infrastructure
are identified: a bio-crude that can be co-processed with
conventional crude oil, refinery-ready intermediates that are
compatible with specific refinery streams for further processing
at the refinery, and a near-finished fuel or blend stock that will
be minimally processed at the refinery. The latter direct option is
rather trivial from technology integration perspective, especially
if it refers to pure mixing of the fuel product of a stand-alone
biorefinery with the corresponding fuel of an oil refinery (e.g.,

mixing of bio-gasoline from the bio-methanol to gasoline process
with oil refinery gasoline). As this case of greening refers to
utilizing an existing fuel distribution-to-end-user infrastructure
rather than the fossil fuel production infrastructure, it lies outside
the focus of the present study.

2. “Indirect” are characterized those technological options which
fall into one of the following two categories: steppingstone
options which do not focus on the development of liquid
biofuels infrastructures but on other energy related systems for
short-term development of biomass supply infrastructures and
mid-term potential of conversion to biofuel production, and
other integration options which refer to the development of
biomass supply infrastructures or liquid biofuels production
through various non-fossil carbon-based industrial sectors
such as Ist generation bio-ethanol plants, saw-mills and pulp
and paper industry, and steel industry.

Figure2 gives an overview of different routes from
lignocellulosic biomass to fuel through various conversion
technologies which refer to direct options and indirect options
as described in Figure 1. Lignocellulosic biomass is one of the
most abundant forms of biomass, including wood and residues
from forestry, waste-wood from industry, agricultural residues
such as straw and stover, and energy-crops such as willow or
miscanthus. The various conversion technologies of biomass
(Sims et al., 2010; Nanda et al., 2014; Sikarwar et al., 2017) can be
roughly categorized in:

- Biochemical pathways, which include processes such as
fermentation in which enzymes and other micro-organisms
are used to convert cellulose and hemicellulose to sugars
and alcohols.

- Thermochemical ~ pathways  including  combustion,
gasification, liquefaction, hydrogenation, and pyrolysis.

In the first category of biochemical pathways, the lignocellulosic
ethanol pathway (also known as 2nd generation ethanol) is the
advanced biofuel technology with the higher TRL (IEA Bioenergy
Report, 2020). However, it has only limited applications for
integration with refinery infrastructures, mainly via utilities
and logistics. Thus, despite the potential penetration of higher
ethanol blending rates in the future (e.g., gasoline blending), heat
integration with 1st generation ethanol plants is the main other
integration options (i.e., categorized as indirect option in this
study). Other options of lower TRL than those studied herein
include the fermentation toward higher alcohols, the acetone-
butanol-ethanol fermentation process being under ongoing
research. The main target is to optimize the fermentation process
and identify bacteria that maximize the butanol yields, which at
the moment hinder the scale-up toward commercial scale for
fuel relevant quantities. In general, fewer industrial actors are
optimizing lignocellulosic production processes for butanol than
for ethanol (IRENA, 2016).

In the second category of thermochemical pathways, bio-oil
and syngas, as presented in Figure 2, are intermediate products
for producing a wide range of fuels and chemicals through
various processing paths (Canabarro et al., 2013). These two
products provide opportunities for utilizing existing facilities,
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[ Direct options ] [ Indirect options ]

* Co-processing of pyrolysis oil Steppingstone ] [ Other integration ]

in oil refinery options
* Biomass-to-liquid fuels (BTL) l l

using Fischer Tropsch

* Biomass co-firing in coal- * Mass and energy integration with non-
fired power plants fossil industry (integration of 1st and

* Biomass use for energy 2nd generation ethanol, pulp and paper,
supply in District Heating sawmills)

* Substitution of oil refinery * Non-carbon mass integration (biomass
flue gases by biomass for gasification for hydrogen production in
heat oil refinery)

* Use of biomass in steel industry (coke
making, sintering and blast furnace)

FIGURE 1 | Technological options which can facilitate biomass use toward greener fossil fuel infrastructures.

such as bio-oil hydrocracking, hydrotreating, gasification, and  pyrolysis-based pathways focus on the upgrading of pyrolysis
chemical synthesis. These intermediates can be produced within  oil via hydrotreatment and cracking toward gasoline, diesel,
refinery sites or at other locations, for example in connection to  and kerosene, and liquefied methane. Thus, greening fossil

existing power or combined heat and power plants (Cintas et al.,  infrastructures may refer to the partial substitution and blending
2018), which are considered points with potential to introduce  of pyrolysis oil into existing oil refineries. The second is the case
biomass use. of syngas via gasification which can replace syngas from coal or

The gasification-based pathways comprise synthesis reactions  natural gas for downstream FT synthesis. In addition, this path
toward methanol, DME (Hannula and Kurkela, 2013), ethanol  can provide waste heat in existing district heating (DH) networks.
and higher alcohols (Villanueva Perales et al., 2011), liquefied Hydrothermal liquefaction (HTL) is another thermochemical
methane (Thunman et al, 2018), and gasoline, diesel, and  liquefaction process, alternative to pyrolysis, that produces bio-
kerosene through FT synthesis (Swanson et al., 2010). Biomass  oil. Xing et al. (2019) and Sharma et al. (2020) studied the
gasification with FT synthesis [i.e., Biomass-To-Liquids (BTL)  co-processing of HTL bio-oil with fossil fuels (e.g., VGO and
technology] can have a greening effect in oil refineries through  straight-run gas oil, respectively). The study of Xing et al
FT syncrude co-processing and heat integration. The case of the ~ (2019) showed that HTL bio-oils from woody biomass have
substitution/conversion of Coal-To-Liquids (CTL) and Gas-To-  significantly less oxygen (typically <15 wt %) than pyrolysis bio-
Liquids (GTL) to BTL and combined feedstock options is also  oils and are more thermally stable, making them more amenable

considered in this study. for co-processing in refining. Nevertheless, there is limited
In Figure 2, two conversion technologies are highlighted as  experience with processing HTL biocrudes, mostly because HTL
direct options. The first is the case of biomass pyrolysis for co-  technologies are in the transient state from lab-pilot scale to pilot-

processing bio-oil in Fluid Catalytic Cracking (FCC) units. The  industrial scale (Gollakota et al., 2016). For this reason the HTL
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FIGURE 2 | Overview of different routes from biomass to fuel through various conversion technologies which refer to direct and indirect options.

pathway is not considered to satisfy the constraint of TRL>6 and
it is not further studied herein.

Indirect steppingstone ways to implement greening of fossil
infrastructures and enhance biomass use mainly refer to taking
advantage of existing energy infrastructure of industrial facilities,
onsite and offsite of power plants and combined heat and power
plants, by starting with co-firing of biomass or by exploiting
excess heat from biomass gasification plants in DH networks.
The concept is that when the existing power plants using fossil
feedstock are phased out (i.e., by other renewable energy sources),
the sites can be partially or fully replaced by biomass pyrolysis,
gasification, or other emerging biomass conversion technologies
(e.g., HTL) for the production of intermediates which can be
transported to refineries as analyzed by Cintas et al. (2018).
To use existing infrastructure also includes taking advantage of
existing knowledge and know-how on thermal processes as well
as utilizing existing sites which keeps transportation costs low.
Wherever it is difficult to build greenfield plants due to various
constraints (e.g., financial, legal, technical, etc.), new biomass-
conversion plants could be built in already existing industrialized

areas to benefit from existing process know how in energy plants
and refineries.

DIRECT OPTIONS FOR GREENING
FOSSIL-FUEL INFRASTRUCTURES

Incorporation of Bio-Oil Feedstock Into

Existing Oil Refineries

Given that it is rather difficult to establish a specific way to
provide a stable biomass feedstock (i.e., in terms of composition,
properties, etc.), it is quite effective to transform it into bio-oil.
However, bio-oil is reported to have high oxygen content ranging
from 8 to 63 % (dry basis) depending on feedstocks and pyrolysis
conditions (Gollakota et al., 2016), with typical values ranging
from 35 to 40% (dry basis) (Lehto et al., 2013), reducing the
energy content of the fuel. Regarding further limitations of bio-
oil use, it is rather immiscible with hydrocarbon fuels because
of the high polarity of oxygenated compounds impeding it from
direct use in the FCC process. Other relevant bio-oil properties
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are its chemical instability, low volatility, high viscosity, and
corrosiveness. Nevertheless, the liquid nature of bio-oil is quite
advantageous compared to handling solid biomass (Melero et al.,
2012).

In terms of utilizing existing infrastructures, oil refineries
can be suitable infrastructures for processing of bio-intermediate
streams depending on the composition of the intermediate
product. Many of the biocrudes may contain larger molecules
of phenols, catechols, etc., which motivates co-processing in oil
refinery units such as FCC, hydrocracker, or thermal cracking.
However, the direct use of bio-oils in refineries by direct mixing
with petroleum liquids is not technologically favorable and a way
to tackle the insertion of bio-oils in a conventional refinery is by
hydrotreating it. The hydrotreatment conditioning step results
in partial hydrodeoxygenation (HDO) where the acidity and the
oxygen content of the stream are reduced. Deoxygenation is
applied up to a point which meets the minimum requirements
of the refinery since approaching oxygen-free bio-oil can be
expensive (van Dyk et al, 2019). Thus, the degree of HDO
varies depending on the co-processing insertion point at the
refinery (Karatzos et al., 2014). In this context, the PNNL
study (Freeman et al, 2013) categorized US oil refineries in

response to their conversion capability (i.e., ability to process
biomass intermediates and convert higher boiling range into
lower boiling range materials) which can be achieved through
FCC or hydrocracking.

Co-processing of bio-oil in FCC together with vacuum
gas oil (VGO) removes oxygen present in feedstocks in the
form of water, CO, and CO, via simultaneous dehydration,
decarboxylation, and decarbonylation. Co-processing in an FCC
unit has an advantage compared to other processing units in a
refinery as additional hydrogen or energy inputs are typically
not required, saving both costs and additional GHG emissions.
FCC is more profitable than thermal cracking and also minimizes
the yield toward by-products such as gases, coke, and heavy
fractions while maximizing the production of the liquid fraction
suitable for use as transport fuel (Melero et al., 2012). Moreover,
catalysts are more tolerant than hydrocracking catalysts in higher
oxygen levels (Agblevor et al., 2012). The study of van Dyk et al.
(2019) refers that hydrotreatment units are sensitive to oxygen
and unlikely to be used to process bio-oils with an oxygen content
that exceeds 5% at blending ratios of more than 10%. It should be
noted that there is limited experimental data on co-feeding of real
bio-oils with petroleum feeds in hydrotreating units.

450
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FIGURE 3 | EU 27 capacity for mineral oil refining (source: Barthe et al., 2015).
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Current Technology Status

In contrast with the lack of commercial, lignocellulosic
based fuels, which are basically at demonstration scale, the
oleochemical route (e.g., feedstocks of vegetable oils and animal
fats) to produce drop-in biofuels, is the most commercialized
process. Oleochemical feedstocks due to their low oxygen
content are easily converted to fuels (Melero et al, 2012),
whereas lipid hydrotreatment has recently become a well-
established technology with a few stand-alone operations (Neste,
2020). Even though this type of feedstock is out of scope
for the particular study, some case studies are referred to
herein as they can be considered as a good knowledge
source about technological opportunities and constrains of co-
processing renewable feedstocks in oil-refineries. Some examples
of hydroprocessing oleochemicals feedstocks in EU are presented
in literature (de Jong and Jungmeier, 2015): Neste Oil operated
since 2013 three Hydrotreated Ester and Fatty Acids (HEFA)
facilities in Finland, Rotterdam, and Singapore with an annual
total capacity of 2.4 billion liters of palm oil-derived diesel
marketed as “NexBTL> (Neste, 2020). Preem (Sweden) has
started to produce diesel (330,000 m> diesel per year) with 30%
renewable content (i.e., the renewable feedstock is raw tall oil, a
byproduct from kraft pulp mills) in a modified mild hydrocracker
unit (Sandén and Pettersson, 2013; Karatzos et al., 2014).

There are no cases of co-processing bio-oil in oil refineries at
commercial scale. Stefanidis et al. (2018) discussed the possible
insertion of bio-oil and biocrudes in the fluid catalytic cracker,
whereas the increased coking and reactor plugging due to char
and coke formation make upgrading of raw bio-oil through
hydrotreatment necessary to remove oxygen. The results of this
experimental set-up, of which the conditions did not resemble a
real FCC, led to different conclusions when using a pilot-scale
FCC under more realistic conditions. The same aspect of scaling
up is discussed as a challenge in accurately predicting product
distribution by Pinho et al. (2017), who presented an application
of the use of lignocellulosic raw materials in a conventional
refining scheme by the co-processing of raw bio-oils from pine
woodchips with standard Brazilian VGO commercially processed
in Petrobras FCC unit. In their study, two different bio-0il/ VGO
weight ratios were tested, 5/95 and 10/90. This pilot scale study
was tested in a 200 kg/h FCC demonstration-scale unit using a
commercial FCC equilibrium catalyst and bio-oil was fed directly
without any other pre-processing in order to test the sensitivity
of production yields in diesel, gasoline, coke, CO, and CO,. In all
cases, about 30% of renewable carbon in pyrolysis oil ends up in
total liquid products and bottoms.

Potential for Integration Options of Oil Refineries
With Biomass Use

The refining sector in the EU comprises 85 refineries (according
to data from years 2015-2016), spread across 22 Member
States, Norway, and Switzerland. In total, EU has a combined
throughput capacity of over 14.5 Mb/d, accounting for roughly
14.5% of global refining capacity in 2015. Overall, the sector
exhibits a wide variety in levels of configuration, integration,
and production with capacity ranges between 40 and 425
Kb/d. Europe’s largest refineries (>250 Kb/d) are located in the

Netherlands, Poland, Germany, Belgium, Italy, UK, and Spain
(Nivard and Kreijkes, 2017).

According to the data provided by Nivard and Kreijkes
(2017), the oil refineries, spread across 22 of the EU Member
States, Switzerland, and Norway are mainly developed near major
seaports, large rivers or pipelines. The distribution in terms of
number of refineries is more even across EU compared to refining
capacity which is more concentrated in the North-Western part
of the EU close to the North Sea crude oil sources (European
Commission, 2016a,b,c).

Since most refineries in the EU are equipped with FCC units
according to the values for oil refinery installations for 2013,
these units can be considered as a potential infrastructure for co-
processing pyrolysis oil (Barthe et al., 2015). Figure 3 presents
various processing techniques of the European oil refineries (EU
27) and the existence of FCC per country indicates a potential
of co-processing bio-oil. Of course, many other factors may play
significant role in the application of this “greening” possibility
such as supply chain infrastructures, policies which enhance
the development of renewable infrastructures, technological
constraints, and the existence of financial support instruments.

According to the reported ranges of 2-10% of blending bio-
oil in FCC units (where the 10% would refer to the case of HDO
bio-oil) an estimation of the potential HDO bio-oil is possible.
The potentially used HDO bio-oil would be approximately 10
Mm?/year HDO to be blended in the FCC units for the whole
FCC capacity in Europe. This corresponds to approximately
6,400 MW bio-oil production (e.g., 64 plants in Europe of
100 MW each). This would require 10,000-11,000 MW of
lignocellulosic biomass (e.g., woody residues) in total in Europe
to be converted in this bio-oil. These estimations are based on
LHV of approximately 20 MJ/1 for bio oil and a blend ratio
of 10%.

Bio-based Syngas for Liquid Fuels (BTL)

Including Fischer-Tropsch Synthesis

The gasification pathway via the intermediate synthesis gas
utilizes technologies already commercialized for production of
methanol, diesel, and jet from natural gas and coal. Synthesis
gas conversion to methanol is very well-established in the
chemical industry, methanol being mainly reported as a fuel in
marine applications in the form of blends (10% in methanol)
(Paulauskiene et al., 2019) or in light and heavy duty vehicles
(e.g., in China) (Schroder et al., 2020). Using synthesis gas with
FT synthesis to produce liquid hydrocarbons, where crude oil
is not readily available, is also well known for exploiting coal or
natural gas resources (Gudde et al., 2019). Thus, it is the synthesis
gas production and cleaning via biomass gasification technology
that determines the performance of the BTL pathways compared
to gasification of other resources or natural gas steam reforming
(Dimitriou et al., 2018).

Current Technology Status

Several CTL and GTL FT plants are running or planned, while
biomass-based conversion for production of FT fuels is only
at pilot or demonstration scale (Luque et al., 2012). The FT
process is currently being operated at an industrial scale by two
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main fossil fuel companies: Sasol in South Africa (producing
160,000 bpd of FT-diesel from coal derived syngas and converting
of one of its CTL facilities to accept natural gas) and Qatar
(34,000 bpd Oryx GTL facility) and Shell” in Malaysia [world’s
first commercial-scale Gas-To-Liquid (GTL) plant based on FT
synthesis producing 15,000 bpd of middle distillates and specialty
products] and Qatar (in collaboration with Qatar Petroleum
producing 260,000 barrels of GTL products).

Over the last several decades, a continuous effort to improve
catalyst activity, selectivity, and stability has been carried out
in these fossil-based GTL and CTL technologies. Thus, similar
challenges should be expected for BTL technologies utilizing
FT synthesis with respect to the suitability of biomass syngas
using the existing catalysts (Luque et al., 2012). It should be
noted that data from FT plants mostly come from engineering
studies or cost estimates for plants currently under construction
or commissioning according to IEA Bioenergy Report (2020). It
has been suggested that when a BTL process is compared to a
GTL one, the main challenges are related to processing a more
heterogeneous biomass feedstock, production of a lower quality
syngas, and the feedstock availability risks (Hileman et al., 2009).

Potential Integrations With Fossil Infrastructures
While the FT process does not depend on how the syngas is
produced, as long as its composition depending on the feedstock
fulfills the downstream specifications, the gasification technology
is the key technological step to the integration of CTL and
BTL processes. In order to take advantage of the economy of
scale when using biomass, significant efforts are being made to
test CBTL processes, namely co-gasification of coal and biomass
(Shah, 2013).

Even though GTL and CTL have reached commercial scale,
the BTL process has not been completely commercially
established. There are various examples of pilot and
demonstration plants or discontinued BTL projects in Europe,
such as the Choren Carbo-V!Process producing light FT
products (now out of operation) in Frieberg Saxony in Germany
and the BioTfuel pilot project in France which produces biodiesel
and biokerosene based on biomass gasification (ETIP bioenergy®,
Biofuels Barometer, 2017).

NSE Biofuels Oy operated a 12 MWy, (656 tons/year of fuels)
BTL demonstration plant in Finland from 2009 to 2011, which
employed a circulating fluidized bed (CFB) gasifier developed
by Foster Wheeler (Dimitriou et al., 2018). The GoBiGas plant
in Sweden, which is a first-of its-kind industrial installation for
advanced biofuel production via gasification, converted woody
biomass to biomethane (Thunman et al., 2018, 2019). These
plants can be considered as a proof-of-concept for the production
of liquid biofuels via gasification.

Biomass gasification process is usually limited to small scale
due to biomass availability and logistics constraints, negatively
influenced by seasonality, moisture, and low density, unlike coal

7Shell.  https://www.shell.com/about-us/major-projects/pearl-gtl/the-world-s-
largest-gas-to-liquids- plant.html
8https://www.etipbioenergy.eu/value-chains/conversion-technologies/advanced-
technologies/biomass-to-liquids

and natural gas. Thus, biomass gasification processes tend to
have high capital (fixed) cost, present lower thermal efficiency
than coal-fired plants, and are subject to long term supporting
policies. Their theoretical optimum capacity is frequently limited
by biomass logistics issues.

The mixture of coal and biomass in co-gasification could
be a steppingstone measure to develop biomass facilities
in case of CTL existing infrastructures; however, the CTL
technology is generally lacking in EU countries. Success stories
of co-gasification is the NUON power plant at Buggenum
(Netherlands) and Schwarze Pumpe (Germany), in which large
proportions of biomass and coal have been co-gasified for liquid
fuel and syngas (Kamble et al., 2019; IEA Bioenergy Agreement,
Task 33°). This integration option provides a stable and reliable
feed supply and potential feedstock disturbances of biomass
supply cause less consequences in the production (Shah, 2013).
NERL (National Energy Technology Laboratory) reported that
the use of 30% switchgrass with coal for producing diesel (CBTL)
with carbon capture and storage technology (CCS) produced
63% less GHG emissions compared to a fossil-derived diesel.
Greenhouse gas emissions can further be decreased up to 75%
by using more aggressive capturing technique of auto-thermal
reformer in CCS (Brar et al., 2012).

Representative disadvantages of co-gasification are feed
preparation and complex feed systems which can be expensive.
The choice of gasifier operation parameters (temperature,
gasifying agent, and catalysts) determine product gas
composition and quality. Biomass decomposition occurs at
a lower temperature than coal and, therefore, different reactors
(fluidized bed or downdraft gasifier) compatible to the feedstock
mixture are required. Also, at high temperature, alkali present
in biomass can cause corrosion problems in downstream pipes.
Biomass containing alkali oxides and salts with ash content
above 5% causes clinkering/slagging problems (Brar et al., 2012).

The Concawe Report (2020) gives some numerical estimations
and order of magnitude analysis regarding the potential
quantities of biomass requirements and liquid products in the
case of co-feeding a conventional gasifier of an oil refinery
with a renewable feedstock. In EU only 6 refineries have been
reported with gasifiers which convert residual oil to syngas for
further production of methanol, hydrogen, and power and can
be considered as potential points for biomass co-feeding. The
estimations of Concawe report consider the case of a large-
scale refinery-based gasifier which consumes ~1 Mt/a of residue
and point out that such a modification to receive biomass or
bio-intermediate streams for units of this scale is a challenging
matter. If a gasifier of that scale (i.e., ~1 Mt/a) is co-fed with 5%
biomass, thus requiring ~50 kt/a of biomass, this can result in a
rather small quantity of 25 kt/a of liquid product, whereas higher
co-feeding ratios up to 50% would be a matter of significant
technological and economic challenges (Gudde et al., 2019).

Table 1 summarizes the aforementioned direct options of
biomass to liquid fuels in existing fossil infrastructures. The
options are characterized with respect to opportunities and

°IEA Bioenergy Agreement: Task 33, Thermal gasification of biomass.
task33.ieabioenergy.com
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TABLE 1 | Direct integration options of biomass to liquid fuels in fossil infrastructures.

Integration option

Opportunities

Barriers

Real world examples

References/Supplementary data

Feasibility to scale up
(low, medium, high)

Bio-oil
co-processing within -~ e
an oil refinery

Technological

TRL of biomass pyrolysis: 6 or
higher ETIP Bioenergy, 2020
Economic

Co-processing bio renewable
feeds and fuels in existing
refinery units is more profitable
than the stand-alone case
Jones et al., 2009; Beims

et al., 2017; Bhatt et al., 2020
Supply chain

Established infrastructure of
refineries for long-distance sea
transport

Bio-oil imports can be
facilitated together with oil
imports Doug, 2006; Cintas
etal., 2018

Technological
e Current blending ratios of
2-10% lead to rather low
scaleup feasibility
Directorate-General for
Mobility Transport, 2018
Presence of water and
oxygenated organic
compounds affects yields and
conversion rates Air
Resources Board, 2017
Alkali metals deactivate FCC
catalysts Air Resources Board,
2017; Pinho et al., 2017
* Differences in yields when
scaling-up from pilot to
commercial scale projects
Pinho et al., 2017; Stefanidis
etal., 2018
Economic
e Co-processing is highly
sensitive to the crude prices
and refinery feed rates
Supply chain
e Discontinuous production,
variety and storage of biomass
feedstock transportation
chains, required pretreatments
to accomplish energy
densification
Challenge of the decentralized
production of pyrolysis oil and
its transfer to the oil refineries
as the physical properties
change during storage and
transportation Yang et al.,
2015

|IEA Bioenergy Agreement,
Task 392

Petrobras/NREL CRADA
international partnership
Co-processing of pine-based
bio-oil with petroleum-based
fuel intermediate oil in the
fluidized catalytic cracking
process (FCC)

No other commercial case
studies exist, just
demonstration cases

Other cases but not from
pyrolysis of lignocellulosic
feedstock Biodiesel
production from tall oil (a
byproduct of the kraft
processing of pinewood for
pulp and paper), as a result of
co-processing in oil refinery
(https://www.etipbioenergy.eu/
value-chains/feedstocks/
waste/tall-oil)

Capacities of all European refineries: (Nivard
and Kreijkes, The European Refining Sector: A
Diversity of Markets?, 2017)

Data for FCC units Barthe et al., 2015

Other research studies suggesting co-processing
of up to 20% wt bio-oil with VGO in FCC units
Fogassy et al., 2010

Example of estimation of co-processing and
production of bio-renewable fuel potential in
California Air Resources Board, 2017

Study of co-locating a plant of hybrid poplar for
gasoline and diesel production from fast pyrolysis
with an existing refinery in the USA including
capital investment data Jones et al., 2009
Co-location of fast pyrolysis with an oil refinery to
eliminate the need for pressure swing adsorption
unit in the hydrotreating unit, with off-gas from
hydrotreater being sent to refinery hydrogen
generation

Economic analysis of co-processing bio-oil in an
FCC unit in petroleum refinery Ali et al., 2018

o LowP (with respect to
the technologies of
upgrading bio-oil to
advanced liquid fuels,
both in a fully integrated
plant or by
co-processing with
fossil fuels, typically
validated at lab scale,
reaching TRL 4-6)
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TABLE 1 | Continued

Integration option

Opportunities

Barriers

Real world examples

References/Supplementary data

Feasibility to scale up
(low, medium, high)

Biomass-to-liquid
fuels (BTL) via
Fischer-Tropsch

Technological

Co-gasification of biomass
and coal can build upon
experience for biofuels
production

Fischer-Tropsch (FT) synthesis
is an established technology,
and many components are
mature in CTL and GTL plants
Gasification plants can reach,
after modifications, theoretical
efficiency yields in commercial
scale and have achieved
continuous operation
Economic

Technical advances in the FT
process regarding yield and
conditions can make biofuels
competitive depending on
crude oil prices Luque et al.,
2012

Technological
o A fully scaled-up commercial
BTL process is not completely
established until today. Luque
etal., 2012
Application of the
corresponding process using
biomass has yet to be fully
optimized
Gasification technologies
require development,
especially regarding feedstock
pretreatment and logistics
Economic
e Cost of feed preparation and
logistics of biomass for an
optimum size of a BTL plant
can become an important
factor in the scale of BTL
process
No tax for fossil fuels and high
production costs impede
biofuel to be competitive
Fixed cost for BTL plant is
generally 60% higher than the
one required for GTL plant of
the same size Lee, 2013
Supply chain
e Biomass is difficult to transport
and store
e No consistent supply

e The case of Sweden’s
GoBiGas plant which is a
32MW;, gasifier and produces
SNG. Potential scaling up in
200MW could produce liquid
fuels Thunman et al., 2018

Database of facilities for the production of
advanced liquid and gaseous biofuels for
transport per country and TRL (https://
demoplants.biocenergy2020.eu)

e The capital cost estimates for a first-of-its-kind
commercial gasification-based facility (2000 tons
of biomass (dry basis) per day) are in the region of
USD $600-900 million which is favored from
economies of scale Karatzos et al. (2014)
Overview of FT units in EU countries (Luque
et al; 2012)

The size of FT process depends on the size of the
gasifier for an integrated process. For example, a
BTL plant producing 2,100 bbld will require a
gasifier producing 250 MWy, Lee, 2013

Low® (with respect to
scaling up gasification)

4JEA Bioenergy Agreement, Task 39. https.//demoplants.bioenergy2020.eu/.
bBased on the argument that significant challenges need to be resolved such as matching the scale, sizing and catalyst design for two distinctly different feedstocks [bulky and reactive solid biomass versus relatively inert petroleum

liquids (crude oil)].

¢Due to biomass related infrastructures for processing and logistic issues.
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barriers for integration together with real world examples
with some references. For the bio-oil processing, the most
important constraints are the upgrading steps of bio-oil (catalyst
deactivation and high oxygen content) even though pyrolysis
is a well-established technology. Economic parameters are also
important in implementing this upgrading and require minimum
capital costs to retrofit petroleum refinery units in order to
be compatible with the insertion points (Tong et al., 2013a,b).
Regarding the BTL processes, FT is an established technology,
and many components of the system are already technologically
mature in CTL or GTL plants. What remains unproven is the
BTL processes at a commercial scale due to technical barriers of
gasification and scale up constraints. The overall greening impact
is further restricted by the significantly smaller capacities of FT
plants compared to oil refineries.

With respect to the supply chain barriers of these solutions,
which are mainly related to the potential variability of the
biomass feedstock in quantity and quality, it should be noted
that these greening opportunities of the existing infrastructure
are advantageous compared to newly built stand-alone biofuel
plants. The reason is that such stand-alone plants would have
to be considerably oversized, at least in the first phase of their
operation, to reduce the risk of interruption in sellable products.
Obviously, this risk is inherently reduced when the biofuel
plants are integrated into existing operating facilities. In general,
an important factor related with using the opportunities and
overcoming barriers in Table1 is related with regional and
international policy support, including financial instruments.

A successful deployment of liquid biofuels plants can be
achieved on the basis of a holistic approach able to identify
technical, economic, and supply chain related challenges and
the policy gaps to overcome these challenges. Thus, a set
of policy interventions including regulations, financing, and
information provision mechanisms can better capture the
different challenges along the biomass value chains and allow
optimizing performance for all stages. This policy dimension lies
outside of the scope of the current analysis, as more detailed
information can be found elsewhere (ADVANCEFUEL, 2020a,b;
Panoutsou et al., 2021; Singh et al., 2021).

Another barrier, outside of the scope of the current analysis,
is the challenges related to the plant-to-end user distribution
network of liquid biofuels and the availability of the adequate
infrastructure. Fuels such as 1st generation ethanol present
incompatibility with fossil fuels in common supply systems such
as pipelines and require dedicated fuel distribution systems. On
the other hand, drop in fuels would gain easier market acceptance
whereas a challenging point is their integration with petroleum
refineries in terms of capacity expansion and efforts to coordinate
with fossil production (Yue et al., 2014).

INDIRECT OPTIONS FOR GREENING
FOSSIL-FUEL

INFRASTRUCTURES —STEPPINGSTONE
OPTIONS

The following paragraphs describe two indirect steppingstone
options: integration of biofuels production in DH networks

and co-firing of biomass and coal for power production. These
two options enhance the biomass supply conditions for the
development of logistics for liquid biofuels or they can lead
to higher system efficiency from biofuels plants in the case of
potential integration schemes (e.g., retrofitting of existing DH
boilers in gasifiers).

Integration of Biofuel Production Into

Existing District Heating Infrastructure

This option refers to the case of biomass gasification with
subsequent synthesis to biofuels such as FT diesel, DME,
methanol, and methane. This option prerequisites the existence
of a DH network. In this case, these biofuel plants generate
excess heat and energy efficiency can be succeeded if using
the excess heat in DH systems. Therefore, heat integration of
biofuel plants with DH networks can improve the economic and
environmental performance of the integrated system, especially
when replacing decommissioned heat generation capacity for
existing DH systems or when investments are made to extend the
DH systems. Broad implementation of gasification-based biofuel
production in European DH systems is discussed by Berndes
et al. (2010), who concluded that a heat source-sink matching
between the excess heat from biomass gasification plants for the
production of transport biofuels according to the EU 2020 target
and the DH systems in EU is not subject to any sink constraints
(i.e., the heat sink of the DH systems would be in this case more
than sufficient).

Current Technology Status

As fossil fuels dominate the energy supply for DH, there
is a strong potential for the transition in other renewable
sources such as biomass. The Swedish example represents the
gradual incorporation of biomass in existing infrastructures and
highlights the possibility for the development of infrastructures
for the production of liquid biofuels (e.g., the case of GoBiGas
plant as reported by Thunman et al., 2018) which can be favored
from the existence of a DH network.

District heating supplies 12% of space heating and domestic
hot water demand for buildings in EU. From 1990 until 2015,
the use of gas was expanded contributing to around 1/3 of
the total DH supply whereas, during the same period, biofuels
use expanded its share to 20% and renewables account for 6%
of the DH production (Mathiesen et al., 2019). In 2015, the
total heat supplied to EU DH was 2.3 EJ, of which around
30% of the DH supply came from coal and coal products, 4.5%
from oil, 35% from natural gas, 26% from biomass and waste,
and 4.5% from other sources (Werner, 2017). Regarding the
technology providing this amount of heat to the DH system,
this is mainly produced (54%) from recycled heat, fossil CHP,
and industries, 19.5% from recycled heat and renewable CHP,
9% from renewables (geothermal and waste), and 17.5% from
fossil direct use (fossil boilers). The value of heat supply from
fossil boilers corresponds to 0.4 EJ/year (or equivalently to 111
TWh/year) and the scenario of replacing them by heat from
biomass gasifiers is analyzed in the section Potential Future
Applications of DH Based on Biofuel Plants.

To this end, one should also consider the competition from
excess heat from other major industrial sectors. Heat Roadmap
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Europe 2050'° provides information per country for major
industrial plants regarding five typical energy intensive industrial
sub-sectors having excess heat, namely chemical/petrochemical,
iron and steel, non-ferrous metals, non-metallic minerals, pulp,
and paper production and oil refineries. An overview of these
heat streams for 2008 indicates 0.3 TWh in France, 4.9 TWh
in Sweden, 0.8 TWh in Denmark, 0.9 TWh in Germany, and
0.03 TWh in Italy. These volumes add up to approximately 6.9
TWh for EU27. Moreover, the Stratego project (http://stratego-
project.eu) provides a sectoral analysis within which fuel supply
and refineries represent highest annual excess heat availabilities
(9% of the total excess heat volume and 36% of total industrial
sectors volumes), while non-metallic minerals facilities account
for 5% of the total excess heat volume and 20% of total industrial
sectors volumes.

Potential Future Applications of DH Based on Biofuel

Plants

Introducing biomass in DH will create a supply system which
later may be used for biofuels plants for transportation. The
aforementioned study of Berndes et al. (2010) illustrated the size
of the current DH systems in EU25 in relation to the EU biofuels
for transportation targets for 2020. It was calculated that if 10%
of the projected transport energy demand in EU by 2020 was to
be met with biofuels from biofuel production units integrated in
the DH system, and that these would deliver 0.2 energy units of
DH heat per energy unit of biofuel produced, these biofuel plants
would cover roughly 15% of the total heat demand in the current
DH systems in EU25.

This statement could be applied in the case of biofuels
contribution to the transport energy mix for 2030 and 2050
according to the scenarios developed in the framework of
the ADVANCEFUEL project (ADVANCEFUEL, 2020a,b, http://
www.advancefuel.eu/) and the European Commission (2018).
According to the previous profile of technologies supplying
heat to DH, it is assumed that fossil boilers, accounting for
approximately 111 TWh/year in European DH systems, are
decommissioned and they are replaced by biomass gasifiers. In
the framework of ADVANCEFUEL, a scenario is formulated
assuming a strong growth of biofuels and a breakthrough of
advanced biofuels in the transport sector and a low diffusion
of electric vehicles. This scenario corresponds to maximum
penetration of liquid biofuels in the transportations sector, and
thus it is useful to analyze potential excess heat to heat sink
constraints, with respect to the DH capacity. In this scenario,
the installed capacity of biofuels production is assumed to be
around 44 GW in 2030 and up to almost 191 GW in 2050,
with large roles for bioethanol and alcohol-to-jet fuel (19% of
installed capacity in 2030 and 33% in 2050) and thermochemical
production routes (40% of installed capacity in 2030 and 58%
in 2050). If, the thermochemical production is considered as a
source of liquid biofuels, then 17.6 GW (154 TWh/year) of fuels
from thermochemical route are produced. If 20% of this energy
can be delivered to DH network (Berndes et al., 2010), 30.8
TWh/year would be provided as excess heat. Accordingly, for

10Heat Roadmap Europe 2050. https://heatroadmap.eu

2050, 110 GW (964 TWh/year) would be produced and assuming
that 20% of this energy can be delivered to DH network, 192.8
TWh/year can be delivered to the DH network.

According to another baseline scenario reported for the EU
transportation mix in 2050 (European Commission, 2018), liquid
biofuels consumption is projected to be 6% of the total fuels
consumed. This results in 188 TWh/year of liquid biofuels
consumption with a potential of providing at maximum 37.6
TWh/year excess heat to DH network, if all the liquid biofuels
come from thermochemical biomass conversion technologies.
Other scenarios of this report for more extended penetration of
liquid biofuels in the transportation mix, result in heat delivered
ranging between 58.2 and 110 TWh/year. All these values for heat
delivered to the DH network are directly comparable to the value
of 111 TWh/year which is the current heat supplied by fossil
boilers, as well as to the 6.9 TWh/year which is the currently
available excess heat from the main industrial sectors in EU. The
comparison clearly shows that for most of these scenarios the
DH system has presently more than the required capacity to be
efficiently used as heat sink for the excess heat from future biofuel
production. This is also not constrained by the competition with
industrial excess heat. These conclusions are also in agreement
with the argument of Berndes et al. (2010). Only the scenario
of the ADVANCEFUEL project for maximum penetration of
liquid biofuels in 2050 with limited use of electricity in the
transportation mix results in an excess of this DH system capacity
(i.e., 192.8 TWh/year compared to 111 TWh/year, respectively).
However, the corresponding liquid biofuel production of this
scenario should be considered as a theoretical maximum since
limited use of electricity in the transportation is not currently
considered as a very likely scenario.

Thus, replacing part of the fossil boilers for DH systems by
biomass boilers, with the intention of converting these biomass
boilers later into gasification systems for biofuel production with
simultaneous use of the excess heat for DH systems to increase
the overall system efficiency, is a promising steppingstone option.
Of course, the potential of this integration option may be reduced
if the competitiveness against other heat supply technologies is
considered (e.g., CHP systems which currently dominate the DH
heat supply in most Member States). Another aspect that can
affect the economic feasibility is the extent to which the DH
integrated biofuel plant becomes a base load heat provider for the
DH system (Berndes et al., 2010).

The study of Thunman et al. (2018) presents a potential
strategy of how fluidized bed boilers can be retrofitted to biomass
gasifiers which can then be operated for integrated production of
fuels with DH systems heat delivery. As an example, the fluidized
boilers [CFB and bubbling fluidized bed (BFB)] currently
installed in the Swedish energy system can be operated as Dual
Fluidized Bed (DFB) gasifiers. This scenario represents a low-
cost, low risk option for large penetration of biofuel production.
Retrofit of biomass boiler for combined production of electricity
and DH to a gasifier with upgrading synthesis steps would reduce
investment cost by 10-20% compared to a new stand-alone plant.
But equally important, this is an example of how the existing
energy infrastructure, including knowledge and competence,
could be utilized for fast introduction of biofuel production.
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Thunman et al. (2018) presented the potential in a numerical
estimation: to the 6,400-MWy, installed boilers, the required
boiler capacity that needs to be added is 6,800 MWy, to create
a gasification potential of 35,000 MW. This correspond to a
fuel demand of 280 TWh of biomass or equivalently 59 million
dry tons of biomass per year (8,000 h annual operation), which
can produce between 170 and 200 TWh (14.6-17.2 MTOE) of
advanced biofuels. This is significantly greater (i.e., about 5 times)
than the Swedish target for biofuel production required to reach
the Swedish goal of fossil free nation in Year 2045. Considering
logistic constraints lowers this potential. Thus, for most locations
it is not feasible to have units with fuel inputs >500 MW (2,500
dry tons of biomass/day) which lowers the annual potential fuel
demand by around 30% (i.e., to 200 TWh or equivalently 42
million dry tons of biomass). This is, nevertheless, a substantial
demand for fuel (i.e., approximately equal to the total forest
growth in Sweden), implying that biomass must be imported if
this scenario is to be realized. In other words, there is a low risk
option for introduction of biofuel production to an extent that
is in fact the national biomass supply, which limits the amount
of fuel production even if Sweden has large amounts of forestry
derived biomass.

The Refuel project (Berndes et al., 2008) suggested criteria
for a country to be candidate for introducing cogeneration of
BTL fuels and heat for DH such as the existence of a large and
possibly expanding DH system and a presently small share of
heat from renewable and recyclable heat. Indicatively, Poland and
Slovenia were proposed as the most interesting for introducing
co-generation of BTL fuels and heat due to their high use of coal
and oil, whereas Italy, France, UK, and Belgium were considered
as countries that is easier to introduce the BTL fuels integrated
with the DH option in a system that is expanding.

It should also be noted that establishing a biomass supply
chain for providing heat as steppingstone is not restricted to DH
systems. Another strategy is to incorporate biomass use in the
form of biomass boiler infrastructure in oil refineries, where there
is a large steam demand that is currently covered by combusting
the gases produced from the internal distillation or conversion
processes. The composition of these gases is similar to the one of
gases produced in a biomass gasifier and can be mixed for fuels
production. Thus, a low cost and low risk option is to install a
biomass boiler for part of steam production. This first step of
greening the fossil-based refinery infrastructure aims to increase
gradually the demand for biomass and to build up the logistic
infrastructure needed to receive biomass at the plant by starting
with the installation of a CFB boiler. After the development of
an established biomass infrastructure is accomplished, the CFB
boiler can be later upgraded in a biomass gasification system
through its connection to a BFB boiler in the form of an indirect
dual-bed gasifier.

Biomass Co-firing With Coal

This is included as an indirect option since biomass co-firing is
a low risk option to produce renewable electricity (and heat) for
regions without any developed biomass supply infrastructure but
with coal-fired power plants. Thus, this option takes advantage
of existing energy infrastructures in the form of power plants

and combined heat and power plants. Once the biomass supply
infrastructure has been established, the fossil fuel plant with
associated fossil-fuel infrastructure can be replaced with a
biomass-only process such as a biofuel production unit in the
form of a gasification or pyrolysis unit. It should be stressed that
the biomass co-firing option should not be used as an excuse
of maintaining the fossil fuel units (lock-in effect); instead, the
option should go hand in hand with a clear plan on how to phase
out the fossil fuel use in the longer run.

Co-firing biomass in existing coal-fired power plants offers
the possibility of significantly increasing the share of biomass
through a relatively small boiler-upgrade investment and impact
on the overall efficiency compared to biomass-only plants,
where alkali-related high-temperature corrosion can limit steam
properties. Typically, 10% co-firing shares reduce the risk
of alkali-related high-temperature corrosion (Al-Mansour and
Zuwala, 2010; Cintas et al., 2018), while uncertain biomass supply
can be handled by varying the share of co-feeding ratios (Berndes
etal, 2010; IEA-ETSAP and IRENA Technology Brief E21, 2013).
Thus, co-firing biomass in coal plants can provide a near-term
biomass market (Cintas et al., 2018) that effectively reduces GHG
emissions from coal-fired plants in short-term and motivates
the development of biomass supply infrastructure that can later
facilitate further development of advanced biofuel production
technologies toward sufficiently high TRL.

Current Technology Status

In 2016, European Union had an installed coal power capacity
of 164 GW, which generates 24.5% of the total electricity mix
(Cintas et al.,, 2018). Worldwide, approximately 230 power and
combined heat and power plants are in operation which apply
co-firing with a significant proportion in Europe. In particular,
the study of Roni et al. (2017) reports many EU countries that
use biomass co-firing technologies in their power plants. For
instance, Denmark has five co-combustion plants in which straw,
wood chips, and wood pellets are the predominant co-firing
fuels and relies heavily on importing wood pellets from external
markets (Canada and Eastern Europe). Fourteen biomass co-
firing plants are in Finland, whereas in Belgium there are seven
co-firing plants, the initiation of which for electricity production
started after the “green certificate” implementation in 2001.
Thirty co-firing plants are reported in Germany, sewage sludge
being used in approximately 50% of all plants. There are five
co-firing power plants in Austria which in their majority use
pulverized coal as primary fuel, whereas wood chips, mostly bark,
are used as biomass. On the other hand, in Sweden, the biomass
infrastructure is already well-developed and there is also not
significant use of coal for electricity and heat production, making
this steppingstone option not particularly interesting there.

The Potential of Greening Coal-Fired Plants in EU

Figure 4 shows that countries most reliant on coal are Germany,
Poland, and the United Kingdom, the latter having a significant
part of capacity retired or switching fuel during the last years
(Europe Beyond Coal!'!). Germany and Poland alone are jointly

https://beyond-coal.eu/database
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FIGURE 4 | Coal Fired plants in EU for 2019 (source: Europe Beyond Coal, https://beyond-coal.eu/database).

responsible for 51% of the EU’s installed coal capacity and 54%
of emissions from coal (https://climateanalytics.org/briefings/
eu-coal-phase-out/); clearly, the long history in coal mining
and extensive use of coal as fuel in power generation make
some countries more than others prone to “carbon lock-in”
and impedes carbon phase out (Rentier et al., 2019). Countries
with power plants which announced to retire or already retired
most or a significant part of the coal based power generation
can be considered as candidate points of developing biofuels
processes making use of the phased-out infrastructures to meet
the EU climate and energy targets (EU Emissions Trading
System—EU ETS).

Hansson et al. (2009) assessed biomass co-firing with coal in
existing coal-fired power plants in EU-27, and Bertrand et al.
(2014) matched the demand for biomass-based electricity with
the potential biomass supply in Europe considering scenarios
for both biomass co-firing in coal plants and dedicated biomass
power plants. The study of Cintas et al. (2018) provides two
scenarios for potential greening of existing coal-fired plants
in EU countries, either converting the power plants to 100%
biomass-firing plants (Scenario 1) or using the sites of the power
plants to establish pyrolysis units for producing a raw bio-oil
to be transported to petroleum refineries (Scenario 2), which

was discussed as a direct option for the production of biofuels.
Scenario 1 assumes that all existing co-firing plants and the
coal-fired power plants identified as suitable for co-firing will be
retrofitted to allow coal to be completely substituted by biomass;
the plants will only use biomass, provided it is available. This
kind of transition has been seen in the United Kingdom (UK),
for instance, where three coal plants were converted to biomass
fired plants (Roni et al., 2017). Suitable plants in the same study
are economically feasible if the plant was constructed after 1990.
In Scenario 2, it is assumed that pyrolysis units are built on
current coal power plant sites. All coal power plants available
were assumed to represent suitable sites for bio-oil production.
Then, existing refineries with hydrocrackers are assumed to shift
from petroleum to bio-based oil. The capacity of each pyrolysis
unit is set to 100 MW bio-oil, corresponding to the planned
size of the GoBiGas phase two project (100 MW bio-methane)
(Alamia et al., 2017). In the same study, it was shown in GIS maps
where residues can be collected to meet the biomass demand in
each country.

The results of this analysis showed that bio-oil plants (each
100 MW) are built on all the existing coal power plant sites,
producing 970 PJ of bio-oil and using about 1,493 PJ biomass.
Results also showed that the largest bio-oil producers are
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naturally the countries with most coal power plants, namely
Poland (97 units), Germany (93), the Czech Republic (43), Spain
(20), Romania (17), Italy (15), and the UK.

Table 2 summarizes the options for indirect integration
of biomass to liquid fuels technologies into existing fossil
infrastructures, mainly contributing to the development of the
logistics systems. The information is arranged in order to
be clear what the current status, opportunities, and barriers
for the integration of these technologies into existing fossil
infrastructures are. For co-firing of coal-fired plants with biomass
the basic opportunity of greening refers to the near term
adaptation of specific areas in biomass supply and logistics
infrastructures. Thus, this strategy prepares the ground for
biofuel plants after the phasing out of fossil-fuel infrastructures.
Even though this is a low-risk transition toward biomass use,
a series of technical and economic factors may act as barriers
in the long-term strategies for biofuel plants implementation,
mainly due to lock-in effects and the lack of incentives
of the energy markets toward radical changes for other
renewable technologies.

Regarding the effect of DH networks, one can differentiate
between regions with existing DH infrastructure and potential
expansion plans and those with plans for new DH infrastructure.
Those regions with existing DH networks and biomass fluidized
bed boilers, thus having already biomass supply chains and
consequently already having realized this steppingstone option,
can be considered as drivers for other regions with only fossil-
based DH networks or only DH network construction plans. This
steppingstone serves the technological opportunity to convert the
biomass boilers to dual fluidized gasifiers as excess heat sources,
restricted of course from the uncertainty of the future evolution
of the heat supply technologies and the expansion potential of the
DH network in each EU country.

INDIRECT OPTIONS FOR GREENING
FOSSIL-FUEL

INFRASTRUCTURES —OTHER
INTEGRATION OPTIONS

Co-location of biomass processing plants at existing industrial
process sites offers interesting integration opportunities for heat
and material flows, as well as the possibility to make use of
the existing infrastructure. Some opportunities of this kind are
presented here for four industrial sectors: oil, steel, pulp and
paper, and 1st generation ethanol plants.

Oil Refineries and Petrochemical Industry

Based on the increasing demand of hydrogen in the oil
refinery several studies refer to the production of hydrogen by
biomass gasification in on-site installations of gasification units.
Integrated configurations with gasification plants is investigated,
for example, by Arellano Garcia et al. (2017), who analyzed the
integration of biorefineries and oil refineries for the reduction of
CO; emissions. The study investigates the case of a gasification
unit that is fed with pyrolysis oil, biodiesel, and refinery residue,
upgrading the syngas composition with water-gas shift reaction,

before proceeding to production of clean hydrogen or liquid
hydrocarbon fuels via FT synthesis.

In the study of Johansson et al. (2012) the integration of
different biomass gasification technologies with an oil refinery for
production of hydrogen is investigated through scenarios which
assess the CO;, emissions balance of the system. In the same
context, Brau et al. (2013) studied the substitution of existing
fossil fuel-based hydrogen production units in a refinery with a
process based on indirect steam gasification of woody biomass.
Furthermore, Johansson et al. (2014) investigated the integration
of bio-FT fuels into a complex oil refinery, either by co-feeding
the FT syncrude with crude oil in existing oil refinery facilities
or by investing in new units for the FT syncrude processing
and achieving heat and mass flow integration (e.g., off gases
exploitation for energy sufficiency instead of natural gas).

Steel Industry

The opportunities to use biomass in iron and steel industry
is to replace fossil carbon with carbon from biomass in coke
making (in blends of 2-10%), sintering (for production of
bio-sinter enabling replacement ratio of coal up to 60%), in
blast furnace (partially replacement of coke from biomass as
a reducing agent) or as a fuel in heating furnaces (Mousa
et al., 2016). For instance, Mandova et al. (2018) developed the
Global Suitability Index as an assessment methodology to identify
countries which are potentially suitable for integrating biomass
into their iron and steel making processes via the integrated blast
furnace-basic oxygen furnace route, which provides 73% of the
worlds steel.

Industrial symbiosis opportunities may occur between a
stand-alone biorefinery and a steel industry where excess heat
from the iron and steel industry can be used in processes at
the biorefinery (Sandén and Pettersson, 2013). An example can
be found in the study of Ljungstedt et al. (2011), where heat
and mass integration opportunities are investigated; excess heat
from the steel plant can be used by an ethanol plant and the
ethanol can be used as reducing agent in the blast furnace or
as transportation fuel in the steel plant’s vehicles. Ahlstrom et al.
(2020) investigated the possibility to replace fossil fuels used for
heating in the case of the Swedish iron and steel industry with
liquefied biomethane (LBG) produced through gasification of
forest residues. In this study, competition issues of LBG use were
considered, such as using LBG for transportation, that influence
the economic potential of LBG production.

Johansson (2013) investigated the profitability for a steel plant
to produce bio-synthetic natural gas (bio-SNG) in a biomass
gasifier and to substitute liquefied petroleum gas (LPG) with
bio-SNG as fuel in reheating furnaces, for various energy price
and carbon balance scenarios, not always ending up to profitable
solutions. Lundgren et al. (2013) investigated the opportunities
for methanol production from steelwork off-gases and biomass
gasification in a steel plant, considering the SSAB steel plant
in the town of Luled, Sweden as a basis for the study. The
results of this option, which could also be characterized as
direct greening, showed that integration of methanol production
in steel plants could be economically favorable and result in
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TABLE 2 | Indirect integrated options of biomass use in fossil infrastructures.

Integration option  Opportunities

Barriers

Real world examples

References/Supplementary
data

Feasibility to scale up (Low,
Medium, High)

Biomass co-firing
with coal

Technological

Exploiting existing infrastructures as a
steppingstone for establishing biomass-supply
infrastructure where it is lacking

Large number of coal-fired power plants makes
biomass co-firing an option in many EU countries
Roni et al., 2017

20% co-firing (as energy content) is currently
applicable and more than 50% is technically
feasible, whereas a usual biomass share today is
below 5% IEA-ETSAP and IRENA Technology
Brief E21, 2013

Economic

Main factors affecting the co-firing potential are
the biomass price, carbon price and alkali index
Cutz et al., 2019

Cost of retrofitting a coal-based plant is lower
than a dedicated 100% biomass plant IEA-ETSAP
and IRENA Technology Brief E21, 2013

Supply chain

Starts up biomass supply chains, potentially
suitable as feedstock for 2nd generation biofuels
Uncertain biomass supplies do not jeopardize the
fuel supply for power plant

Integration of DH
with biofuel

Technological

Integration of biofuel plants with DH systems

production would improve the cost-competitiveness of these

processes based on biofuels

biomass gasification e Potential to convert fluidized bed boilers to dual

with subsequent fluidized gasifiers (e.g., in Sweden)

synthesis to biofuels Economic

By retrofitting an existing boiler from district

heating to a gasifier producing advanced biofuels

the cost of the investment would be reduced by

10-20% compared to a new stand-alone plant

Thunman et al., 2018

Supply chain

e Starts up biomass supply chains, potentially
suitable as feedstock for 2nd generation biofuels

Technological

e Risk of delaying the phase-out
of fossil-fuel power plants

® A steady growing biomass
demand for co-firing may be
considered a lock-in risk
Berndes et al., 2010

Economic

e Cost of collection, handling,
preparation and transportation
of biomass, in comparison
with the relatively low cost of
coal

Supply chain

e Cost of co-firing is affected by
the plant location and the key
cost element is the biomass
feedstock IEA-ETSAP and
IRENA Technology Brief E21,
2013

* A substantial increase in
biomass co-firing could
increase competition with
other biomass uses

Technological

* Highly dependent on the
competitiveness against other
heat supply options and in
particularly CHP, which is
dominating the DH heat supply
in most EU member states

Economic

e Dependence on existence of
financial incentives to retrofit
boilers into gasifiers

Supply chain

* The development of biomass
logistics is based on the other
existing competitive
technologies for energy supply
in DH systems

Data for location and
capacity of coal co-fired
power plants in the EU
member states Berndes et al.,
2010

Biomass co-firing projects
and costs in China and the
US Xu et al., 2020
Reporting of the existing
co-firing plants with
technologies and availability of
biomass resources in different
countries of the world Roni
etal, 2017

The case of Sweden’s
GoBiGas plant in a region with
an established DH network
Thunman et al., 2018

¢ Database with information
on coal power plants in EU
(Europe Beyond Coal, https://
beyond-coal.eu/database/)

® The costs of retrofitting an
existing coal-fired power plant
for co-firing range between
USD300-700/kW with
European estimates around
€220/KW IEA-ETSAP and
IRENA Technology Brief E21,
2013

Data for DH supply
technologies and respective
fuels used, for selected EU
countries for 2012 (EC, 2016)
DH share in final heating
demand for space heating and
data on DH profiles in EU
countries Mathiesen et al.,
2019

High?® (with respect to the
preparation of the biomass
market and infrastructure)

High? (with respect to the
preparation of the biomass
market and infrastructure)

aA near-term option to displace fossil fuels and pave the way for 2°° generation biofuels.
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CO; emissions reductions and improvement of the overall plant
energy efficiency.

Pulp and Paper and Saw-Mills

Synergies among pulp and paper industry and biorefineries
mainly take advantage of the fact that both type of facilities
use biomass resources and, thus, can exploit an existing mature
infrastructure and know-how for handling large volumes of
biomass. Other opportunities refer to access of heat integration
practices. Sandén and Pettersson (2013) provided an overview
of opportunities for developing biofuels production in the pulp
and paper industry, including the extraction of hemicelluloses
prior to pulping for upgrading toward fuels and chemicals, lignin
extraction from black liquor for heating purposes replacing fossil
fuels or upgrading, black liquor gasification for production of
biofuels or electricity generation, and conversion of an existing
pulp mill or one of the fiber lines to an ethanol production
plant through cellulose extraction before pulping. Mongkhonsiri
et al. (2018) also investigated possible pathways for a biorefinery
integration with an existing pulp mill toward production of
biofuels and value-added chemicals.

Saw-mills can be integrated with bio-SNG production
according to the studies of Ahlstrom et al. (2017) and Zetterholm
et al. (2020). Liquified Biogas (LBG) production is an effective
way for a saw-mill to utilize its by-products and the policy
and financial support were assessed in order to facilitate large-
scale investments and maintain high production levels in saw-
mill integrated production of LBG. Isaksson et al. (2012) and
Tuné etal. (2012) investigated energy integration schemes among
gasification plants and pulp and paper plants and assessed CO,
emissions. The former study was based on the integration among
three possible biomass gasification-based energy mills with an
existing thermo-mechanical pulp (TMP) mill, co-located with a
saw-mill producing electricity, methanol or FT liquids. The latter
study assessed various gasification technologies with a possible
portfolio of products (e.g., methanol, DME, FT fuels). The study
of Jafri et al. (2020) presents a techno-economic and GHG
emissions performance of five drop-in biofuel pathways based on
black liquor lignin separation with hydrotreatment (i.e., where
lignin and VGO mixture can be conveyed to the refinery and co-
processed with crude oil derivatives) or black liquor gasification
with catalytic synthesis (i.e., via syngas upgrading to “stabilized”
methanol and then methanol to gasoline synthesis at a petroleum
refinery). However, lignin separation pathways lower the entire
TRL ranging between 4 and 6, making these configurations out
of scope for the current study. Moreover, technologies facilitating
the mixing of the final product fuel with the corresponding oil
refinery fuel (e.g., methanol to gasoline such as in the case of
black liquor gasification-catalytic synthesis route and mixing the
gasoline with the oil refinery one) are also outside the scope of
this study, as mentioned in the boundaries of the framework for
this analysis.

Integration of 1st and 2nd Generation

Bioethanol Plants
Several 2nd generation biofuel facilities (e.g., in Brazil, Finland,
US) are already co-located with 1st generation biofuel production

facilities. Moreover, an increasing number of US 1st generation
biofuel companies are exploring how to retrofit their processes to
incorporate cellulosic feedstocks into their production lines (IEA-
RETD, 2016). Various studies have focused on the integration of
1st and 2nd generation of biofuels, either based on material and
equipment integration or heat integration. For instance, the study
of Lennartsson et al. (2014) investigated the integration of a 2nd
generation ethanol (lignocellulosic) into 1st generation ethanol
at the fermentation stage and the fungal cultivation stage. Other
studies focused on the development of alternative configurations
schemes in the form of process flowsheets (Dias et al., 2012) or
heat integration showing that the heating and cooling energy
demands could be reduced to a great extent (Joelsson et al., 2014).
These studies demonstrate the benefits of sharing the existing
infrastructures, logistics, and utilities.

Table 3 summarizes the indirect options for BTL fuels
technologies into various existing process industries. The options
are characterized with respect to opportunities and barriers
for integration together with real world examples with some
references. The opportunities refer to the development of biofuels
plants close to industrial facilities, including non-fossil industry.
The benefit arises from mass and energy integration between
the advanced biofuel plant and the corresponding industrial
infrastructure, including non-carbon mass integration through
hydrogen production from biomass or heat integration with
biomass being used for heating needs. Additionally, this co-
location of advanced biofuel plants with potential retrofitting of
existing facilities is benefited from utilities infrastructures in a
total site analysis perspective, sharing of experienced personnel,
and market penetration in already known market conditions
(e.g., for 1st and 2nd generation ethanol plants). Challenges may
be connected to the technical barriers of using biomass but also to
bringing a totally new material (i.e., biomass) to industrial sites,
such as the case of biomass and coal coke mixing in steel industry.
Other techno-economical barriers refer to the low efficiency
of 2nd generation ethanol plants and the lower TRL of lignin
utilization toward a wider product portfolio.

CONCLUSIONS

To ramp up biofuels production processes and be part of a long-
term climate strategy requires incentives and the overcoming
of technological barriers. Although strongly decreasing the
dependence on fossil-based resources is an indispensable part of
climate strategies, in short- to mid-term using existing fossil-fuel
infrastructures to incorporate the use of biomass is a low-risk
option. Greening of fossil fuels infrastructures to enhance the
deployment of liquid biofuels production is in line with the action
plans of European Green Deal and the Sustainable Development
Goals (e.g., SDG7—Affordable & Clean Energy, SDG 8—Decent
work and economic growth, and SDG9—Industry, Innovation,
and Infrastructure). However, avoiding lock-in effects should
also be part of any proposed solution for greening fossil-
based infrastructures.

The development of the thermochemical biomass conversion
technologies to produce liquid fuels is currently lacking
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TABLE 3 | Indirect integrated options of biomass use in processing industries.

Integration option Opportunities Barriers Real world examples References/Supplementary Feasibility to scale
Data up (Low, Medium,
High)
Biomass use in Technological Technological e The status of lignocellulosic ethanol e Data for pilot, demonstration ~ Medium to High? (with
industrial plants o Exploiting existing e The production of bio-coke (coal and biomass blend) plants in EU can be found in the and commercial plants with respect to the

infrastructures as a with desired physical and chemical properties is still
steppingstone for establishing challenging Mousa et al., 2016

biomass-supply infrastructure e Constraints of the development of 2nd generation
where such is lacking ethanol Lennartsson et al., 2014:

Lignocellulosic ethanol is on e Need for relatively severe pretreatments of the

the verge of being commercial feedstock due to recalcitrance of biomass inhibiting

exploiting integration in early fermentation
operations with 1st generation e Production of cost competitive enzymes to hydrolyze
plants the cellulose

e Black liquor production is part e Relatively low concentrations which increase the cost
of a pulp and paper industry of distillation and wastewater treatment
facilitating exploitation routes e Some exploitation steps in pulp and paper are of low
close to commercialization TRL e.g., lignin separation and hydrotreatment
such as gasification restricting the options of integration with other
Economic industries e.g., oil refineries

* Potential heating and cooling  Economic
demand reduction through * Economic assessment of integrations does not give
heat integration always profitable results, e.g., the case of

e Share of existing bio-synthetic gas in a biomass gasifier to substitute
infrastructures and no-need of LPG for a steel plant (Johansson, 2013) and scenarios
investments anew of various biorefinery concepts for an existing pulp and

Supply chain paper process Mongkhonsiri et al., 2018

e Starts up biomass supply e Scales of liquid biofuel plants are constrained and
chains, potentially suitable as highly dependent on the capacity of the main industrial
feedstock for advanced facility. This affects also the economic profitability of
biofuels the new investment

Supply chain

e Competition with other uses of biomass and
development of alternative fuels for the transportation
and power sector will play an important role

e Possible disadvantages of co-location of
bio-processes with the pulping industry could be long
distances among plants, lack of knowledge about the
products and markets, and limited possibilities to
deliver low-temperature excess heat to DH networks
Sandén and Pettersson, 2013

report of I[EA Bioenergy Report
(2020)

e Two reported facilities producing
bioethanol from cellulose via the
biochemical route are the plant in
Crescentino, Italy, constructed by
Beta Renewables, and the plant
Kajaani/St1 in Finland, by Cellunolix
technology

references on synergies with
industrial sectors can be found
in Landélv et al. (2017a,b) and
|IEA Bioenergy Report (2020)
Overview of the European
steel industry, including crude
steel production capacity per
EU country for 2019
EUROFER, 2020

Data for total pulp production,
and paper and board
production per EU country for
2019 CEPI, 2020

preparation of the
biomass market and
infrastructure)

4A near-term option to displace fossil fuels and pave the way for 2nd generation biofuels.
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the experience of operating at large scale, namely at
commercially relevant capacities for liquid biofuels. For
instance, BTL production is mainly constrained by the
biomass gasification technology and the catalytic upgrading
technologies of the biomass pyrolysis oil, respectively.
Integrating these technologies within oil-refineries provides
mixing opportunities of intermediates, exploiting at the
same time logistics infrastructure and engineering know-
how and may significantly reduce the capital investment risk
compared to stand alone biofuel plants. However, technological
barriers still exist, mainly with respect to bio-oil quality
for co-processing with refinery gas-oils and large-scale
operation and syngas cleaning for the biomass gasification
option. The biomass feedstock variability can be more easily
handled when biomass conversion technologies are integrated
into fossil infrastructures, however the cost of the biomass
feedstock will still require dedicated support policies to reduce
production costs.

Geographical aspects are also of importance with respect
to available capacities, feedstock availability and supply chain
constraints. Clearly, not all greening solutions are relevant or
efficient for different regions. EU has significant FCC capacities
in oil refineries for co-processing bio-oil but not so many
FT synthesis plants which could provide additional options
for integrating BTL processes. On the other hand, the overall
system efficiency can be increased by exploiting excess heat
from gasification plants to DH systems in EU, which represent
a large heat sink. Thus, extending the use of biomass boilers
in existing, under construction or planned DH systems can
together with co-firing of biomass in coal-fired power plants
prepare the conditions for regions where biomass infrastructure
is missing.
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To combat global warming, industry needs to find ways to reduce its carbon footprint.
One way this can be done is by re-use of industrial flue gases to produce value-added
chemicals. Prime example feedstocks for the chemical industry are the three flue gases
produced during conventional steel production: blast furnace gas (BFG), basic oxygen
furnace gas (BOFG), and coke oven gas (COG), due to their relatively high CO, CO»,
or Ho content, allowing the production of carbon-based chemicals such as methanol
or polymers. It is essential to know for decision-makers if using steel mill gas as a
feedstock is more economically favorable and offers a lower global warming impact
than benchmark CO and Hs. Also, crucial information is which of the three steel mill
gases is the most favorable and under what conditions. This study presents a method
for the estimation of the economic value and global warming impact of steel mill gases,
depending on the amount of steel mill gas being utilized by the steel production plant
for different purposes at a given time and the economic cost and greenhouse gas
(GHG) emissions required to replace these usages. Furthermore, this paper investigates
storage solutions for steel mill gas. Replacement cost per ton of CO is found to be
less than the benchmark for both BFG (50-70 €/ton) and BOFG (100-130 €/ton), and
replacement cost per ton of Ho (1800-2100 €/ton) is slightly less than the benchmark
for COG. Of the three kinds of steel mill gas, blast furnace gas is found to be the most
economically favorable while also requiring the least emissions to replace per ton of
CO and CO,. The GHG emissions replacement required to use BFG (0.43-0.55 tons-
COs-eq./ton CO) is less than for conventional processes to produce CO and CO», and
therefore BFG, in particular, is a potentially desirable chemical feedstock. The method
used by this model could also easily be used to determine the value of flue gases from
other industrial plants.

Keywords: steel, flue gas, life cycle assesment, techno-economic assessment, CCU, CO,, utilization

Abbreviations: BFG, blast furnace gas; BOFG, basic oxygen furnace gas; COG, coke oven gas; CHP, combined heat and
power plant; GHG, greenhouse gas; LCA, life cycle assessment; TEA, techno-economic assessment.
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INTRODUCTION

Greenhouse gas (GHG) emissions such as CO; from industry
continue to rise worldwide despite efforts to decrease emissions,
such as stated in the 2015 Paris agreement, which aims to
limit global warming to 2°C and make efforts to limit it to
1.5°C (Jarraud and Steiner, 2014; IEA, 2017; Rogelj et al,
2018). The steel industry is one of the major emitters of CO,,
with the sector being responsible for around 6% of total CO,
emissions globally, making it also the largest industrial emitter.
Additionally, the industry grew by 6.9% annually between 2000
and 2014 (He and Wang, 2017; World Steel Association, 2020)
and is expected to reach 2200 Mt of crude steel production
in 2050 (Bellevrat and Menanteau, 2009), primarily due to
demand in developing countries for infrastructure. Therefore, the
industry’s emissions are predicted to increase naturally in the
mid-term future. Consequently, to meet the Paris agreement’s
emissions requirements, the emissions of steel production must
be significantly lowered or completely stopped.

There are many possible process routes for decarbonizing the
steel industry (He and Wang, 2017), [(Hasanbeigi et al., 2014),
both in the iron-making and steelmaking parts of the process.
However, these are yet to see actual implementation and often
end up stuck in the development stage. Most of these pathways
are not economically feasible without implementing a carbon tax
or other subsidy (Fischedick et al., 2014). Investment cycles in
the industry are comparably long due to a combination of factors
such as the age and conservative nature of the industry, the fact
that the steelmaking process has not changed significantly in a
long time, and the vast investment costs required to build a steel
plant, as well as the lifetime of the plant (Arens et al., 2017).
Unfortunately, this makes it challenging to implement process
changes that reduce emissions within the Paris agreement’s time
scales. Therefore, to meet the goal of sufficient GHG reductions
in the steel industry in the short to mid-term future, the
CO; emissions from steel mills must be captured and either
sequestrated or utilized (Gabrielli et al., 2020).

One method of reducing emissions is utilizing emitted steel
mill gas for chemical products, requiring industrial symbiosis
between the steel and chemical industry (Zimmermann and Kant,
2017). While the chemical industry’s emissions are smaller than
those of the steel industry, it is regardless a large emitter being
directly responsible for around 2% of global GHG emissions
(Leimkiihler, 2010). Similar to the steel industry, the chemical
industry is thus under political pressure to cut emissions. As
most chemical feedstocks consume hydrocarbons, producing
chemicals from industrial waste gases instead of fossil fuels
could be a viable way to decrease total CO, emissions; this
is because CO; from flue gas, which otherwise would have
been emitted, ends up in a chemical product instead (Abanades
et al., 2017; Rogelj et al., 2018; Gabrielli et al., 2020). Although
this CO, will be released into the atmosphere at the end
of life of the chemical, flue gas utilization can reduce the
chemical’s overall emissions as it reuses carbon and thereby
reduces the consumption of additional fossil carbon (Artz et al.,
2018). Flue gas utilization (in particular CO;) is a growing
field, and many chemical producers have been investigating

industrial waste gases as an alternative feedstock (Bruhn et al.,
2016; SAPEA, 2018). In steel mill gas, CO or H, are more
likely to be the most desirable components for most chemical
producers than CO,. However, the utilization of these also
saves CO, emissions, as the CO would be combusted to CO,
and released into the atmosphere if unused, and conventional
methods of H, production produce relatively high CO, emissions
(Dufour et al., 2011).

One instance is the Carbon4PUR project, which aims to
use the CO and CO, in steel mill gas as a feedstock to
produce polyurethanes (Carbon4PUR, 2020a). In this process,
steel mill gases are used without separation or purification
of the desirable components. Although the feedstock is less
pure, expensive separation is avoided. An important question
for both the chemical and steel producers in Carbon4PUR
and similar projects is how much these steel mill gases are
worth. Chemical producers must know how much their potential
feedstock costs for economic planning purposes; likewise, steel
producers need to ensure they receive adequate compensation
for the waste gas in order to avoid a loss. Although some
papers have assessed the usage of steel mill gas for chemical
processes and its calorific value (Joseck et al., 2008; Chen et al.,
2011; Lundgren et al., 2013; Uribe-Soto et al., 2017; Frey et al,,
2018), literature has not yet evaluated in detail the economic
and environmental impact, and most research on processes using
steel mill gases as a feedstock either do not account for any
direct purchase cost (Ou et al., 2013) or just assume a static
standard cost that may not accurately represent the value that
steel mill gas provides to the steel mill (Lundgren et al., 2013;
Yildirim et al., 2018).

Therefore, developing a framework or model to estimate the
value of the waste gas is crucial information for both industries.
Ideally, the framework should be replicable and easily alterable
for all steel plants and chemical producers, and potentially other
sectors both producing and looking to utilize waste gases as well.
It should thus be based on parameters that are as generic as
possible, for example usage of the waste gases in the steel mill,
production capacity of the chemical company, and composition
of the waste gas, all of which affect the value of the gas. Essentially,
the economic value of the waste gas depends upon what the steel
mill uses it for and the financial benefit the plant gains from this
usage. Determination of this benefit is key to estimating the cost
of the waste gas for other parties and therefore also its synergetic
potential. As well as the economic benefit, environmental benefit
in terms of greenhouse gas (GHG) emissions avoided is also
essential information, as the usual motivation behind flue gas
utilization processes is a reduction of emissions. Decision-makers
could also base decisions on how much GHG emissions they
want to avoid or a combined economic and environmental
indicator such as the “cost of CO, avoided” (Zimmermann
et al., 2020a). For such processes, integrated economic and
environmental reporting is necessary for decision-makers to
make a fully informed judgment (Zimmermann and Schomicker,
2017; Wunderlich et al., 2020). In addition to simply knowing
the cost of the steel mill gases, in order for it to be properly
competitive, it must be economically and/or environmentally
favorable when compared to conventional feedstocks.
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BACKGROUND

Steelmaking Process
Steel is predominantly produced using an integrated steel mill,
which combines iron production in a blast furnace (BF) and steel
production in a basic oxygen furnace (BOF), and is responsible
for 74.3% of worldwide steel production (Uribe-Soto et al., 2017).
The second most commonly used process route is the electric
arc furnace, and in the future other steel-making routes such
as direct reduction based on H; are expected to be extensively
adopted (Mazumdar and Evans, 2009; PwC, 2016; Arens et al.,
2017). The European Steel Association classifies technological
pathways for CO, emissions reduction into two main groups:
Smart Carbon Usage, which includes CO, and CO utilization
and storage with little change to the actual steel-making process,
and Carbon Direct Avoidance, which are major changes to the
process route, such as the use of Hy, biomass, or electricity as the
reduction agent for iron ore, instead of CO from coal as is used
presently in the integrated steel mill (Wei et al., 2013; EUROFER,
2019). Forecasts suggest that while new carbon-avoiding process
routes will eventually make up a significant fraction of European
steel production, it is likely that more than 50% of steel being
produced in 2050 will still be produced by the integrated BF-
BOF route, largely due to the long investment cycles and lifetime
of steel mills, and that flue gas utilization and storage will be
required in 2050 (Arens et al.,, 2017; EUROFER, 2019). Therefore,
this work focuses primarily on the integrated steel mill route.
Firstly, coke is produced from heating coal in an oxygen-
deprived coke oven. Iron ores, which are iron oxides, are fed into
the BF as pellets, lump ores, or sinter. There they are reduced
to pig iron with a carbon content of about 4.5% using reducing
agents such as CO from the oxidization of coke in hot air.
Limestone is also introduced to the BF to reduce impurities like
silicon or phosphorus. The pig iron is then turned to steel in the
BOF. Oxygen is used to lower the carbon content in the steel

to around 0.1%, as well as to remove further impurities such as
nickel and chromium (Ho et al., 2013). The integrated steel mill
process is shown in Figure 1, along with the three different steel
mill gases produced - coke oven gas (COG), blast furnace gas
(BFG), and basic oxygen furnace gas (BOFG); the compositions
and relative amounts of these gases are shown in Table 1. BFG
is by far the largest stream, with a share of around 85 vol% of
the produced gas. However, COG and BOFG are also potentially
useful gases as a chemical feedstock due to the comparably high
H, and carbon content, respectively (Joseck et al., 2008).

Current Usages for Steel Mill Gases

As steel mill gases are only partially combusted, they provide
energy for different usages in the plant. These can be clustered
as follows, two of which provide useful energy and one for
emergencies:

Electricity Generation

The steel mill gases are used to generate electricity or steam while
being co-fired with natural gas or coal in a power plant. The
electricity can be used on-site or sold to the electricity grid.

Heat Generation
The steel mill gases are burned in burners on-site for heat
generation within the plant.

Flaring
In some emergency situations, such as a build-up in gas pressure
or failure of equipment, the gas must be flared (Damodara, 2018).
The flared gas is not useful in any way to the steel producer.
Most steel mill gases (73.3% when averaged across all three
gases) are used for the generation of electricity, with the bulk of
the rest being used for heating, although this differs from plant
to plant. Often, the usage of the gases can be switched on short
notice, particularly if they are being combusted in a combined
heat and power plant (CHP). The amount of gas flared varies

Coke oven gas (COG)
P m—— >
: Blast furnace gas (BFG) Heat and
___________________ »
! : ___,| power plant
I I I
| I |
I |
" ;
Coke | Basic oxygen furnaf:e gas (BOFG)
Coke oven — : !
1 |
T
frm—— [T Basic oxygen | Steel
I > Blast furnace > —
06 4 ; furnace
v I
|
Iron ore Sinter !
I COG
plant e o '
Limestone Lime
kiln Oxygen

FIGURE 1 | Diagram of an integrated steel mill, showing the main unit operations and where the three steel mill gases are produced. Adapted from

Wiley et al. (2011).
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TABLE 1 | Compositions and other key values for each steel mill gas for a modern
steel mill producing 6 Mt of steel per year (Uribe-Soto et al., 2017).

Mole composition BFG BOFG COG Mix of all 3
CO 23.5 54 4.1 23.9
CO» 21.6 20 1.2 20.5
Ho 3.7 3.2 60.7 6.5
CHgy 0 0 22.0 1.1
CxHy 0 0 2 0.1
No 46.6 18.1 5.9 43.3
H,O 4.0 4 4 4

Ar + Oy 0.6 0.7 0.2 0.6
Flow rate (Nm3/h) 730,000 35,000 40,000 805,000
LHV (kJ/Nm?3) 3,365 7,163 15,660 4,141
Thermal power (MW) 682 70 174 926

from around 0.1 vol% to 22 vol% (U.S. Department of Energy
[DOE], 2010; Lundgren et al., 2013), with the average European
steel plant flaring 2 vol% of their gas. Flare rates above 5 vol%
typically only occur in modern plants where there is a failure or
maintenance on one of the pipelines or power plant components.
All three types of steel mill gas can be used for any of these
purposes using a gas management system (U.S. Department of
Energy [DOE], 2010; Lundgren et al., 2013; Sadlowski and Van
Beek, 2020), although BFG is usually only used for heating in
particular uses such as the coke plant or in combination with
another fuel due to its lower flame temperature (Hou et al., 2011).
The usage of the gas for either heating or electricity generation by
the steel mill depends on factors unique to each steel mill, such as
the presence of cold rolling or coating lines or the location of the
coke oven within the plant (Carbon4PUR, 2020b).

Chemical Uses for Steel Mill Gases

The chemical industry currently depends significantly on fossil
fuels for chemical production, leading to high carbon footprints
(and fossil depletion) of chemical products. Due to the relatively
high CO, CO,, and H; content in steel mill gases, they are a
potentially attractive alternative as a feedstock for the chemical
industry. Desired molecules could be captured, or products could
be produced directly from the gas, leading to an extensive range
of possible chemical products (Stie3el et al., 2018). Although
there have been many studies on producing basic chemicals from
pure CO; (Aresta, 2010; Quadrelli et al., 2011; Artz et al., 2018;
Chauvy et al,, 2019), there has been hardly any work focusing
on using combinations of CO and CO; (as is present in BFG).
If steel mill gases could be directly used, it could be economically
beneficial as it would avoid expensive separation and purification
of the gas. Both the CO and CO, present can be reacted with H,
to produce valuable hydrocarbons. Economic assessments could
then be performed to determine if the benefit from a purer feed
stream outweighs the cost of separation for a particular process,
as is the case in Carbon4PUR.

Many chemical syntheses from pure CO, are limited
environmentally and economically due to the amount of H;
required to produce products. For CO, utilization to be
environmentally advantageous, this H, has to be provided by a

low-emissions source (such as electrolysis based on renewable
electricity), which is still comparatively expensive (6700 €/ton),
despite efforts to reduce cost (Saur and Ramsden, 2011; Gielen
et al., 2019; IEA, 2019). H, from COG could be captured
using pressure swing adsorption and used for this purpose
(Flores-Granobles and Saeys, 2020). A summary of some possible
utilization options from steel mill gases is shown in Figure 2. It
is estimated that the entire demand for methanol and ethanol in
Europe could be met if 77% of the steel mill gases produced in
Europe were used for chemical production (CORESYM, 2017).

The largest barrier facing the utilization of steel mill gases for
chemical production at the present is mostly the technological
development of processes that are both economically and
environmentally competitive with conventional processes. Other
problems are logistical in nature, such as finding locations where
chemical plants are in close proximity to steel mills, or who
would take ownership of the chemical plant if a new one was
to be constructed on the site of the steel mill. The Carbon4PUR
consortium addresses these problems with specialized work
packages (Carbon4PUR, 2020a).

Current Literature on Steel Mill Gas

Valuation

Although there have been many techno-economic and life cycle
assessments on the use of steel mill gases as a feedstock for
chemical processes, most do not take into account any cost or
GHG emissions for using steel mill gas as a feedstock, despite the
gas providing energetic value to the steel mill. Ou et al. (2013)
justify this by assuming that the steel mill gas used for their
chemical process is gas that would otherwise have been flared;
while this may be a valid assumption in China, where flaring rates
are very high, this is not a valid assumption for a continuous
process in Western Europe as the amount of flared gas ranges
from 0.1 to 22 vol%, averaging around 2 vol% (Lundgren et al.,
2013; Carbon4PUR, 2020b). Other studies do not provide any
justification for their assumption of zero replacement cost or
emissions (CORESYM, 2017; Deng and Adams, 2020). Those
studies that do assume a purchase cost for steel mill gases usually
assume a constant cost that may not accurately compensate the
steel mill for the real value that steel mill gases provide for a
given plant. Lundgren et al. (2013) assume a constant cost of
22.4 €/ MWh for COG, while BFG and BOFG are assumed to
be free. Yildirim et al. (2018) assume that COG will be replaced
by natural gas within the plant, and the purchase cost of COG
is effectively the cost of natural gas required to replace it. While
this is an informed assumption, it neglects the other usages of
steel mill gases (electricity generation and flaring) and how that
varies dynamically, and again no purchase cost for BEG or BOFG
is assumed. Lee et al. (2020) is the only study found to assume a
purchase cost for BOFG as well as COG, using a static value for
the cost of natural gas required to replace their energetic value.
Likewise, the life cycle assessment conducted by Thonemann
et al. (2018) assume natural gas replaces all steel mill gases
consumed. No studies found have thus far considered replacing
the electricity generated at the power plant, nor considered a
dynamic model where the cost is based on the real-time steel
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FIGURE 2 | Summary of possible utilization options from steel mill gas adapted from Milani et al. (2015) and Hernandez et al. (2017).
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mill gas usages and the prices of the utilities required to replace
them. More accurate estimates for the cost of steel mill gas
that fairly reflect the value it provides to the steel mill are
beneficial to both the chemical and steel producer to ensure
adequate compensation for the steel mill gas and to allow for
more precise techno-economic and life cycle assessments on
future technologies.

GOAL AND SCOPE

The main goal of the study is to investigate the economic cost
and environmental implication of using steel mill gases as a
chemical feedstock in order to assess its synergetic potential.
As a first step, the value of the gases to the steel mill must
be derived. The steel producer gains energy in the form of
heat and electricity from burning the steel mill gases, which
can be used on-site or sold to the grid. Knowing the value
this gas generates is crucial in order to derive the cost the
chemical producer must pay for the steel mill gases, which
they aim to use as a substitute for other feedstocks to produce
and sell chemicals. Secondly, to be considered as a potential
feedstock by a chemical company, utilization of the steel mill
gases has to be more economically and/or environmentally
attractive than conventional feedstocks. The benchmarks for the
study are discussed in detail in Benchmark Definition. The

findings of this study could then be used as an input to further,
more specific techno-economic and life-cycle assessments on
a particular chemical process. Intermediate gas storage will
also be considered and assessed for potential economic and
environmental benefits. A storage tank could be implemented
to increase the amounts of flare gas used, which would decrease
the replacement cost and global warming impact. The scope of
the study includes the steel mill gas usages, from the moment
the gases are produced to their consumption for heat or power
generation, as shown in Figure 3. Any chemical processes or
gas processing, transport of the gases, separation, or treatment
needed for such processes is not included in the scope of this
study. The goal is to determine the value of the “feedstock
stream” as shown in Figure 3 which also provides an indication
of the purchase cost for the chemical producer, by using
an estimate for the cost of replacing the energetic value the
steel mill gas provides to the steel mill. The environmental
analysis aims to then study the associated GHG emissions of
the replacement.

Benchmark Definition

For the utilization of steel mill gases as a feedstock to become
adopted, it must perform better than conventional feedstocks at
whichever economic or environmental metrics are considered
important by individual decision-makers. Benchmark feedstocks
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FIGURE 3 | The scope of the study, including the usages of the steel mill gases and their replacements. Optional storage is shown in dashed lines.

for steel mill gases are the base chemicals that are the most
valuable components in each steel mill gas - CO for BFG and
BOFG, and H; for COG. Although CO, is also a potentially
valuable component of BFG and BOFG for CO; utilization
processes, if it was desired as the only product, it could simply be
taken from the waste steel mill gases after combustion in the CHP
at a higher concentration. Therefore, it will only be considered as
a “secondary” feedstock or benchmark, useful in such processes
that are designed to use both CO and CO,. However, although
CO; is more likely to be used as an additional feedstock than
the main one, if it is used in a process alongside CO, such
as the Carbon4PUR process, knowing the replacement cost is
valuable information.

The benchmark for CO is defined to be CO produced from
fossil fuels through coal gasification, which has production costs
of around 440 €/ton (Pei et al.,, 2016) and a GHG emissions
impact of approximately 1.25 kg-CO,-eq./kg CO (Wernet et al.,
2016) for a cradle-to-gate system boundary.

For Hj, two benchmarks are defined: firstly, a steam reforming
process, representing conventional, fossil-based H, production,
and a solar-powered electrolyzer process, representing an
alternative non-fossil-based production method. The steam
reforming process has production costs of around 2200 €/ton,
and the electrolysis method currently around 6700 €/ton (Gielen
et al,, 2019). Steam reforming has a GHG emissions impact of
4.8 kg-CO;z-eq./kg Hy (Dufour et al,, 2011) and solar-powered

electrolysis of around 2.0 kg-CO,-eq./kg H, (Bhandari et al.,
2014) when taking into account cradle-to-gate emissions.

As well as a comparison to conventional benchmark
feedstocks, from an environmental perspective, usage of steel
mill gases should reduce overall emissions from the system, i.e.,
replacing the heat and electricity to the steel mill should not
generate more emissions than the steel mill gases otherwise would
have. Therefore, the emissions results from this study are also
compared to a “viability point,” above which emissions are no
longer saved when steel mill gases are used.

Scenario Definition

The base scenario is defined as a mid-flaring, mid-capacity steel
mill in the year 2017 in France using BFG. Variables that are
altered and compared are done so from this base scenario. For
example, if differing capacities are being compared, they are done
so at a mid-flaring level in 2017. In most cases, both countries
studied are also compared directly.

Germany and France are selected as the studied countries
because they are both large economies with substantial chemical
and steel industry (Statista, 2020), as well as containing particular
locations where such a symbiosis could take place (Fos sur Mer
in France, Ruhrgebiet in Germany). There is a large difference in
how electricity is produced for the grid in each country, making
both economic and environmental comparisons interesting.
France’s electricity grid has one of the lowest GHG emissions
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intensities in Western Europe, while Germany has one of the
highest, making it possible to see results for both “best” and
“worst” case scenarios.

The gas feedstock capacities are selected based on appropriate
amounts required for example processes, as mentioned in the list
below. The maximum capacity for BOFG and COG is around 400
and 250 kt/a, respectively, and therefore that was the upper limit
that was simulated for them. The average flare rate in European
steel mills is around 2 vol%, and this was consequently chosen as
the value for the base scenario. Boundaries as low as 0.5 vol% and
as high as 5 vol% were also simulated to ensure the limits of most
modern steel mills are covered.

All three types of steel mill gas are considered in this study.
For smaller chemical syntheses, solely BOFG or COG could be
used for the feedstock, but using BFG is required for larger plant
capacities. It is believed that most steel mill flue gas utilization
processes will focus on solely using BFG, as it accounts for
roughly 85% of the emitted steel mill gases. However, some
processes utilizing multiple gas streams are under research, such
as the production of syngas by mixing BFG and COG (Lundgren
etal., 2013).

The year 2017 is chosen as the base year of the study as initial
research was started this year; neither grid prices nor emissions
factors have significantly altered since then. As a future scenario,
the year 2050 is selected due to the relative abundance of data
available for grid emissions predictions for this time; as well as
this, many countries and industries have set specific emissions-
related goals for 2050. Forecasts predict that the majority of steel
produced in 2050 will still be by the integrated steel mill route
and that steel mill gas utilization will be required to meet 2050
emissions targets (EUROFER, 2019). This scenario only analyses
GHG emissions; utility price predictions 30 years in the future are
too uncertain to be used.

In summary, the following possibilities for each variable were
thereby derived:

Location:

e France.
o Germany.

Gas capacity:

e Low capacity — 25 kt/a — Very small industrial plant (e.g.,
specialty chemicals such as rubbers).

e Mid capacity — 100 kt/a - Medium-sized industrial plant
(e.g., common polymers, intermediate chemicals such
as polyethylene).

e High capacity — the highest feasible scale of gas usage (BFG:
1000 kt/a or BOFG: 400 kt/a or COG: 250 kt/a) - very
large industrial plant (e.g., large scale base chemicals such
as methanol) (different plant sizes here are due to the three
gases having different quantities).

Type of steel mill gas used as feedstock:

e BFG - Used for most flue gas utilization processes studied
thus far due to very large capacity.

e BOFG - Useful if gas is desired with slightly higher carbon
content than BFG.
e COG - Useful if Hy or CHy is desired.

Mill flaring rates:

e Low flaring - 0.5 vol% — more likely in modern plants.

e Mid flaring - 2 vol% - average flaring rate for
European steel mills.

e High flaring - 5 vol% — could happen in circumstances with
ongoing maintenance or broken parts in the power plant or
heat generation systems.

Year:

e 2017 - Reflecting present time grid emissions intensity.
e 2050 - Reflecting future grid emissions intensity (from
ecoinvent 3.6, 450 2050 scenario).

Any of these variables can be changed to create a multitude of
possible unique scenarios, one “branch” of which is demonstrated
in Figure 4.

DATA COLLECTION AND MANIPULATION

Data Collection and Assumptions

Data were obtained from a major steel producer from two of
their steel mills detailing how much gas is used for electricity
generation, heating, or is flared. One of the datasets covers a
representative 2-month period on a 10 min basis, while the
other has measurements on an hourly basis over a complete
year. One of these mills (hereafter referred to as the “non-
efficient case”) had a particularly high flaring rate due to technical
issues (one of the highest flaring rates in Western Europe), and
the other (“efficient case”) had one of the lowest flaring rates
in Western Europe.

The spot market prices for both electricity and natural gas in
both Germany and France were obtained for the year 2017. It is
assumed that these prices have not greatly varied since 2017 and
that the random fluctuations present in the price are of the order
of magnitude that can also be found in previous or later years.

The greenhouse gas emissions are calculated using LCA data
on global warming impact from ecoinvent 3.6 (cut-off system
model) [tons-CO,-eq,/kWh] (Wernet et al., 2016). The share of
electricity generated in Germany and France from each source
type (coal, wind, etc.) was found for every hour over the year
2017 (Bundesministerium fiir Umwelt, 2020; ENTSOE, 2020;
Fraunhofer, 2020; RTE, 2020; Umweltbundesamt, 2020). For the
scenarios set in 2050, data for the predicted carbon intensity of
the grid, again in [tons-CO,-eq,/kWh], was also obtained from
ecoinvent 3.6 (Stehfest et al., 2014; Mendoza Beltran et al., 2020).

It is important to note that the power plant and burner
efficiency has an impact on the value the gas provides for
electricity generation or heating purposes (Worrell et al., 2010).
The power plants in steel mills have efficiencies that vary from
0.3 t0 0.5 (Kim and Lee, 2018). An efficiency of 0.36 is commonly
used in literature (Harvey et al., 1995; Kim and Lee, 2018), and
the same value was chosen for this study after discussion with a
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steel manufacturer. Higher efficiencies mean that more electricity
or heat can be generated for a certain amount of steel mill
gases in the power plants, resulting in the steel mill gases
being more valuable.

Simulation of Steel Mill Flaring Data

From the flaring patterns in the data obtained from the steel mill,
a flaring pattern for an average Western European steel mill is
simulated. As the “non-efficient case” has a very atypical flaring
pattern due to technical issues, the simulation for the study was
based on the patterns in the data set from the “efficient case.” It is
assumed that the flaring pattern for the average case would look
similar to the efficient case but simply scaled up.

A discrete-time Markov chain is implemented to simulate
flaring patterns across a range of potential steel plants (Mcbratney
and Everitt, 2002; Towers, 2016; Gagniuc, 2017). Three Markov
transition matrices are created from the amount of gas being
flared every hour, wherein the first bin of the first matrix contains
the second Markov transition matrix, and likewise with the
second to the third, as illustrated in Figure 5. With this method,
both appropriate resolution and probability of flaring events are
retained from the original data. Two variables are considered to
be critical to the replication of realistic flaring data: the frequency
of times when flaring is zero and the overall average volume
of gases flared (essentially equal to flaring rate). Realistic ranges
for these variables were created using linear regression from the
data provided by the steel manufacturer for multiple steel mills.
The heat maps of the Markov transition matrices highlight the
moderate probability of a given flaring amount maintaining a
similar amount into the next hour, as well as the high likelihood
of a flaring event going to zero. Flaring events usually last a
few hours or days and do not change between non-zero values
too erratically.

MODEL DESCRIPTION

Modeling the Replacement Cost of Steel
Mill Gases

The economic value of the steel mill gases depends directly on
the economic value that it supplies to the steel producer. This
economic value is entirely based on the energy gained from
the combustion of the gas. As mentioned in Current Usages
of Steel Mill Gas, the steel mill gases are either combusted for
electricity generation, heat, or are flared. Each of these options
provides a different economic value. Essentially, the steel mill
gases economic value can be viewed as the cost to replace these
usages by another source. For example, if steel mill gases that
would otherwise have been used to generate electricity were
instead used as a chemical feedstock, the electricity that would
have been generated needs to be replaced by another source.
This electricity could either be purchased from the local grid or
generated on-site by other means. Likewise, for heating, the heat
that would have been generated by steel mill gas that is now used
instead as a chemical feedstock could be generated instead by
natural gas or other means.

A single-objective cost-minimization model was created in the
programming platform MATLAB that follows the following logic
tree shown in Figure 6. The model is run according to a logical
hierarchy: first, if there is enough gas being flared at a particular
moment to supply the feedstock demands for a specific chemical
plant, then the gas could be obtained effectively at zero cost by
the chemical producer. Second, when there is not enough flare
gas to meet demand, the electricity gas is taken next, which is
replaced by either buying electricity from the grid or generating
that electricity with natural gas directly. Third, when there is not
enough electricity gas or flaring gas to meet the demand, heating
gas is chosen, and natural gas is burned to replace heat that would
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otherwise have been generated by the steel mill gases. The model
allows for varying the plant capacity (and therefore the amount
of steel mill gases used), the input dataset from the steel mill (or
another industrial plant), the electricity and natural gas prices,
the efficiency of the steel mill, the flaring rate in volume and the
frequency of flaring of the steel mill.

The most desirable steel mill gases to take for chemical
feedstocks are gases that would have otherwise been flared
(hereafter referred to as “flare gas”). In flaring, no energy is
recovered, so no value can be gained. Regarding costs, most
flare stacks are usually required to constantly burn a natural gas
ignition flame, meaning that operating costs are not expected
to differ noticeably during periods where gas is flared or not
(Damodara, 2018). As flaring provides no economic benefit or
value to the steel producer, the replacement cost of flaring gas
(RCfare) is zero, independent of time:

RCpgre =0

Consequently, for the chemical producer, the gas is essentially
free from a material cost basis (capital infrastructure and

transport costs are discussed in section “Estimation of Storage
Potential”) and is the top priority for feedstock gas.

Feedstock gas that would otherwise be used for electricity
generation (hereafter referred to as “electricity gas”) does provide
economic value to the steel producer. Another source must
replace this electricity (or at least the economic value it provides).
In this study, two sources are considered: purchasing electricity
from the grid, and producing electricity directly from natural gas.
Natural gas is already co-fired with BFG in many power plants
due to the comparatively low energetic value of BFG. Therefore,
this process does not require any extra process units nor incur
higher operating costs outside of the cost of natural gas. Steel
mills have a gas management system that allows for the usage
of the gas to be altered on short notice. The replacement cost of
electricity gas (RCelectricity at @ particular time (t) is the cheaper of
the two alternatives at that time:

RCelectricity (t) = min[RCEg(?), RCnG(1)]

It might also be the case that the steel mill would not buy energy
directly from the grid if that is the cheapest option, as electricity
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FIGURE 6 | The three different potential usages of steel mill gases and how
the amount of each one is decided. Fi(t), Ei(t), and Hj(t) are the amounts of
steel mill gas that are taken from flaring, electricity production and heating,
respectively. Dj is the total gas demand. S+ is the amount of gas that cannot
be met by flared gas, and Sy is the amount that cannot be met by flaring or
electricity gas.

is usually produced in excess by the steel mill and sold to the
grid. The chemical company would simply then reimburse the
lost revenue of the steel company, which is essentially the price of
that amount of electricity from the grid at that time.

Feedstock gas that would be otherwise used for heating
(hereafter referred to as heating gas) can only be easily replaced
by natural gas. Burners in a steel mill already have natural gas
present to co-fire with steel mill gases when required, so that the
mill can maintain production in the case of a lack of steel mill
gases due to maintenance or failure in the gas distribution system.
Therefore, the replacement cost of heating gas (RCpeating) at a
particular time (t) is equal to the natural gas price at that time:

Rcheating (t) = RCnc ()

Note that this does not mean that the same volume of natural gas
has to be purchased as that of the steel mill gases that were taken

for feedstock; only the amount of natural gas that replaces the
energetic value that the steel mill gases would have provided.

To calculate the overall replacement cost (RCt), the amount
of steel mill gas taken from each source is multiplied
by the cost to replace it for each source. For detailed
calculations on how the replacement costs are calculated,
refer to the Supplementary Material section “Calculations
for the Choice of Steel Mill Gas Source.” It is assumed
that the steel mill can change between these options on
an hourly basis, based on the fact that they can burn
natural gas in the burners currently with little planning
(Sadlowski and Van Beek, 2020).

Estimation of the GHG Emissions of
Steel Mill Gases Usage

To assess the global warming impact of steel mill gas utilization,
the GHG emissions of the dynamic stream determined by the
cost-minimization model in Modeling the Replacement Cost
of Steel Mill Gases must be calculated. For the year 2017,
if electricity from the grid is used to replace the electricity
generation of the steel mill gases, the amount of grid electricity
that is required at a given hour [Eg(t)] is multiplied by the
share of each gas (x;) and the emissions intensity data for the
respective source (EI;) from ecoinvent, giving a total amount of
GHG emissions for that hour from electricity [GHGE,17(t)] in the
unit of [tons-CO,-eq.]:

GHGer,17 (t) = Er(t) D xi(t) EI;

1

If natural gas is used, either to replace electricity or for heating,
the GHG emissions for that hour from natural gas [GHGng,17(t)]
are determined by multiplying the amount of natural gas required
[NGR(t)] by the emissions factor for natural gas (EIng).

GHGng,17(t) = NGRg(t) Elng

The total GHG emissions for a given hour [GHGr,17(t)] is then
the sum of both the GHG emissions from electricity and those
from natural gas:

GHGr7,17(t) = GHGNg,17(t) + GHGE,17(1)

For the year 2050, it is assumed that grid electricity would
be cheaper to use than natural gas to replace electricity
generated by steel mill gases due to carbon taxes and
renewable energy development. Therefore, only grid electricity
is used to replace electricity generated by the steel mill gases.
This amount of electricity required to replace the electricity
generation of the used steel mill gases [Er(t)] is multiplied
by the carbon intensity of the grid (Elg) to give the total
GHG emissions for that hour [GHGT 50(t)] in [tons-CO;-eq.].

GHGr,50(t) = ER(t) Elg

It should be noted that in the year 2050 it is unclear if
heating in the steel mill will still be conducted by natural gas
or if it will be replaced by lower-emission forms of heating.
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Some of the solutions currently being investigated include using
bio-methane or biomass, H, that is produced from BFG for
specially developed burners, inductive heating from steel strips
for coating, or simply capturing and storing the emitted CO,
from heating with natural gas (Carbon4PUR, 2020b). However,
these technologies are at a low technology readiness level and
require further development. Due to the very different and
unknown costs and emissions associated with each of these,
as well as the uncertainty of which technology is the most
likely to become widely adopted, these possibilities are not
considered in this analysis. Therefore, GHG emissions for the
2050 scenario could be considered as a conservative estimate;
emissions from steel mill heating will likely be reduced in some
capacity by the year 2050.

It is assumed that the emissions from the rest of the value
chain outside of the scope of the study remain constant and
do not change between a scenario where steel mill gases are
used for chemical production and one where no steel mill
gases are used (for example, that the same amount of steel is
produced, and the same amount of coal is required). In this
case, the emissions determined in this study can be directly
compared to the cradle-to-gate emissions of the benchmarks.
As the emissions required to produce the steel do not change,
the only emissions that can be allocated to steel mill gases as
a feedstock are those emissions required to replace the usage
of the steel mill gases. The end “gate” of the study is the same
point as the benchmarks, which is when a ready feedstock is
produced. The steel will be produced with or without steel mill
gas utilization, and therefore all other and previous emissions are
allocated to the steel production itself, which is the main product
of a steel mill.

Estimation of Storage Potential

If gas storage is to be used, it should be optimally sized for
the given gas capacity. If the storage is too large or small, the
capital investment required might outweigh the savings gained
by reducing steel mill gas replacement costs. The storage size
was an alterable variable in the model, and if gas was flared,
it was taken into the storage until the storage was either full
or there was no more flare gas to be used. At this point,
electricity gas was taken into storage, and finally heating gas if
no more electricity gas was available. This ensures a much higher
ratio of flare gas is used and therefore lowers both cost and
emissions required to replace the steel mill gases. The cost of
the storage tank was determined as follows (Sinnott and Towler,
2009), with a general empirical formula for equipment cost of
unit operations.

Ce=a+hS”in[§]
a

Where a = 97,000, b = 2,800, n = 0.65, and S = size in m> between
100 and 10,000 m*.

The size was then varied to find the optimum
storage size for a particular steel mill. This optimum
was found at the lowest total cost when the annualized
equipment cost for the storage was added to the cost
per year of steel mill gas. The investment cost was then

annualized (Chiuta et al., 2016):

€
annualized CapEx = CapEx %L nl—1
1—(1+i) a

RESULTS

Replacement Costs From an Energy

Perspective

This section discusses the average replacement costs in 2017
Euros from an energy perspective by former usage options across
the year 2017; results are shown in Table 2. Both the type of
gas chosen and its usage have drastic impacts on the economic
value it provides to the steel mill, and therefore also on its
replacement cost. BFG has a relatively low replacement cost for
both power generation (15 €/ton in France) and heating (21 €/ton
in France). BOFG has a higher calorific value due to its higher CO
content, resulting in a replacement cost of 52 €/ton for electricity
generation. COG has the highest calorific value as a result of the
large H, and CHy4 content and therefore has also the highest
replacement cost (205 €/ton for electricity generation in France).

Gases used for heating also have about 40% higher
replacement costs than gases used for electricity generation on
average, due to the higher costs of natural gas. Therefore, it will
usually be more beneficial to take feedstock gas from the stream to
the power plant than the stream used for heating. Germany has
a higher replacement cost for electricity generation (about 5%)
in all three gases, and likewise lower for heating (14%), which
directly results from the difference in prices for electricity and
natural gas between the two countries.

Figure 7 details which gases are most frequently used for
which purpose in vol%. BFG is flared the most at 20%, while
COG and BOFG are flared at around 5%. Non-flared BFG is
almost exclusively used in the power plant, while COG is used
only for heating. BOFG is spread more evenly, with a 68% share
used in the power plant and 25% used for heating. The higher
flared volume in BFG is a positive indication that BFG is likely
to perform better economically and have a lower global warming
impact than the other gases.

Replacement Costs From a Chemical

Feedstock Perspective
This section discusses the costs from a feedstock perspective; the
analysis assumes that the respective steel mill gases are used as

TABLE 2 | Average replacement costs over the year 2017 for the different steel
mill gases and respective usages.

Steel mill BFG (€/ton) BOFG (€/ton) COG (€/ton)
gas/former

usage France Germany France Germany France Germany
RCfare 0 0 0 0 0 0
RCelectricity 15.2 16.6 53.2 58.1 205.4 224.2
RCheating 21.3 18.7 74.2 65.4 286.6 252.7
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FIGURE 8 | The replacement cost of the steel mill gases when using them as chemical feedstocks for different capacity scenarios; low capacity (25 kt), mid capacity
(100 kt), high capacity (1000 kt/a BFG or 400 kt BOFG or 250 kt COG, at a flare rate of 2%. The costs for (A) assume both CO and CO, are used. The costs for
(B-D) are assuming that feedstock is the only one used. The benchmark is the cost of the feedstock when produced from conventional sources.

feedstocks in the chemical industry for a CO and CO; mix (A),
and CO (B), CO; (C), and H, (D). Results are shown for each
capacity scenario in Figure 8. For example, when BOFG serves
as a feedstock for CO and CO; in France at high capacity, the
steel mill has to cover replacement costs of 70 €/ton. COG is
not shown in subplots B and C because it contains very minor
amounts of CO and CO»; likewise, BFG and BOFG only contain
small amounts of H, and are therefore omitted from subplot D.
Subfigure A assumes that the steel mill gases are used as
feedstocks for both CO and CO;. In this case, both replacement
costs for BEG (11-15 €/ton) and BOFG (52-65 €/ton) are

considerably lower than their benchmarks (83 and 165 €/ton,
respectively). Although BOFG has only a slightly higher CO
content than BFG, the fact that it is flared much less (5%
compared to 20% by volume) results in a significantly higher gas
price. The replacement costs for COG are just slightly lower than
the benchmark (284 €/ton) for France (258-280 €/ton) and about
15-20% lower for Germany (227-247 €/ton). These results are a
positive indication that BFG and BOFG are economically viable
when both CO and CO; are utilized.

In subfigure B, it is assumed that the steel mill gases are
used as feedstocks for CO only. Compared to the benchmark
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(440 €/ton), the replacement costs of both BFG (50-70 €/ton)
and BOFG (100-130 €/ton) are significantly lower, which is a
positive indication that usage of CO from steel mill gases is more
economically favorable than conventional CO for all scenarios.
Usage of BFG and BOFG for CO is especially interesting for
chemical processes that do not require a pure CO stream.

In subfigure C, it is assumed that the steel mill gases are used as
feedstocks for CO; only. The costs for CO, from BFG are 37-48
€/ton, which is lower than the benchmark (60 €/ton). For BOFG,
however, the costs are significantly higher (184-228 €/ton). Using
CO; from BFG is therefore economically viable, even if CO were
also not used. It is not recommended to use BOFG to obtain
CO, as a feedstock.

In subfigure D, it is assumed that COG is used as feedstocks for
H, only. The replacement costs for H, for the base scenario are
about 2100 €/ton, varying from 2168 €/ton for 250 kt/a COG to
1877 €/ton for 25 kt/a COG. This is also on par or slightly less
than the benchmarK’s price, conventionally produced H, from
steam reforming (2200 €/ton) (Gielen et al., 2019). Therefore,
usage of H, from COG could be economically feasible for a small
or medium-sized chemical process plant. It is important to note
that H, separation costs should be added if the H; is desired pure.

The replacement costs were also calculated with the different
flaring scenarios; however, different flare rates have a smaller
impact on the replacement cost of the steel mill gases than
different capacities [see the Supplementary Material Section
“Results for Differing Flare Rate Scenarios”]. The viability
compared to benchmarks for the flaring scenarios are similar
to that described above for the capacity scenarios. It should
be noted that all replacement costs mentioned here do not
include separation or purification of the feedstock, transport, or
additional costs imposed by the steel producer.

Replacement Greenhouse Gas
Emissions From a Chemical Feedstock
Perspective in 2017

The amount of GHG emissions (tons-CO;3-eq.) required to
replace the steel mill gases used is shown in Figure 9 for the three
capacity scenarios for a CO and CO; mix (A), and CO (B), CO,
(C), and H; (D). For example, the number of emissions required
to replace the electricity and heat that a high capacity BOFG
scenario in France is about 0.75 tons-CO,-eq/ton of BOFG.

If both CO; and CO are used, as is effectively shown in
subfigure A, then the viability point for BFG (0.64 tons-CO;-
eq/ton BFG) and BOFG (1.06 tons-CO;-eq/ton BOFG) are both
well above the replacement emissions (0.02-0.11 tons-CO;-
eq/ton BFG and 0.26-0.84 tons-CO-eq/ton BOFG) required.
Their use is therefore viable from an emissions standpoint.
However, in all scenarios, BFG requires fewer emissions than
BOFG and France less than Germany. BFG also clearly has much
fewer emissions than the benchmark (0.64 tons-CO,-eq/ton BFG
and 0.82 tons-CO;z-eq/ton BOFG). In comparison, BOFG has
fewer emissions for all scenarios in France and the lower and mid-
capacity scenarios in Germany. COG has much higher emissions
(3.9-4.2 tons-CO;,-eq/ton COG) than both the viability point and
the benchmark for all capacity scenarios and countries.

For both countries, when using BFG (about 0.1 tons-CO,-
eq./ton CO for France and 0.43-0.55 tons-CO;-eq./ton CO for
Germany), the replacement emissions required per ton of CO
(shown for BFG and BOEFG in subfigure B) are lower than for
the benchmark method of obtaining CO [1.25 tons-CO;-eq./ton
CO (Wernet et al.,, 2016)]. Also, for the low and mid-capacity
scenarios for BOFG when located in France (0.53-0.71 tons-CO; -
eq./ton CO) and Germany (1.07-1.20 tons-CO;-eq./ton CO),

A Replacement emissions per tonne of gas B > Replacement emissions per tonne of CO
4 8 2 - N
e —————
3
’3 9
£ 1
5§ 2
< °
g - - 0.5 H
2 | z==== —2 —
Q ol_a @ s d L L \ o2 L .
% e C
g %6, 0”00 GOK‘OF S0z, %, Do, R N 8”00 S0r, SO,
S “ane, e T Cery, e, ", U N o e,
z W k. gy, K W "y,
2
H
2 C Replacement emissions per tonne of CO2 D Replacement emissions per tonne of H2
5 e e
2 3 o 30F ° H
g
£ o
5
- ° 20
o
&
e
If === == === == 10
®
0 [ ] L 1
&y, &, 8 & e Q
G, Ga, OFC;; Ot O¢ s %%, G
“ce ", e, "ty e Ko
® High capacity @ Mid capacity Low capacity = = Viability point === Benchmark
FIGURE 9 | The GHG emissions required to replace the energy provided to the steel mill by the steel mill gases for the three capacity scenarios; low capacity (25 kt),
mid capacity (100 kt), high capacity (1000 kt/a BFG or 400 kt BOFG or 250 kt COG), at a flare rate of 2%. The replacement emissions for (A) assume both CO and
CO3 are used. The replacement emissions for (B=D) are assuming that feedstock is the only one used. The benchmark is the global warming impact of the
feedstock when produced from conventional sources.
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the emissions required to replace the steel mill gases are lower
than the benchmark. However, for the high capacity scenario
located in France (1.5 tons-COj-eq./ton CO) or Germany
(1.75 tons-CO;-eq./ton CO), the emissions required are higher
than the benchmark.

For CO; (shown for BFG and BOFG in subfigure C), only
the usage of BFG is lower than conventional methods [0.75 tons-
CO;-eq./ton CO, (Wernet et al.,, 2016)]. It should be noted that
in the event of CO;-only usage, replacement emissions of more
than one ton-CO;-eq./ton CO, means that the use of this CO,
is not viable from the standpoint of reducing GHG emissions.
This shows that while BFG is viable in both Germany and France,
BOFG is only viable in France and then only at smaller to
medium-sized plants.

The replacement emissions required per ton of H, (subfigure
D) are extraordinarily high, around 31 tons-CO;-eq. per ton of
H, obtained, and the overall usage of H, results in emissions of
around 27 tons-CO;-eq. per ton of H, even when the emissions
saved from avoiding combustion are taken into account. As even
H, produced from conventional methods has a much lower
emissions intensity ranging from 1.6 tons-CO;-eq. per ton of
H, for coal gasification (Wernet et al., 2016) to 4.8 tons-CO,-
eq. per ton of H; for steam reforming (Dufour et al., 2011), it
is not recommended to use COG to obtain H, from a GHG
emissions perspective.

The simulation for the different flaring scenarios (0.5-5% for
BFG and BOEFG, and 0.5-2% for COG) instead of capacities
is shown in the Supplementary Material section “Results
for Differing Flare Rate Scenarios,” Figure 4). As with the
replacement cost, changes in the flare rate do not have as large
an impact as changes to the plant’s capacity.

Replacement Greenhouse Gas
Emissions From a Chemical Feedstock
Perspective in 2050

It is important to consider that electricity grid mixes in the future
could be vastly different from current grid mixes. Therefore, the
same simulations for GHG emissions were completed with the
predicted grid emissions intensity for the year 2050 in order to
estimate the replacement emissions. The results are shown in
Figure 10.

In the 2050 scenario, a large decrease in the replacement
emissions is seen for Germany for all scenarios, but for France,
only a very slight decrease is observed due to the already
low emissions intensity of the electricity grid in France. Both
Germany and France are predicted to have similarly low
grid emissions intensities by 2050 (<0.1 tons-CO3-eq./MWh)
(Wernet et al.,, 2016). The plot for the various flaring scenarios
is shown in the Supplementary Material section “Results for
Differing Flare Rate Scenarios,” Figure 5).

Replacement Costs and Greenhouse Gas

Emissions When Gas Storage Is Used

A time-series plot of the replacement cost over the year 2017
for both Germany and France is shown in Figure 11. The
replacement cost fluctuates quite significantly both on longer
timescales throughout the year as a result of the electricity and
natural gas prices, but also on much shorter timescales (days or
hours) due to the steel mill gas usages (particularly the flaring
volume, which often drives the replacement cost to zero). It
could thus be beneficial to build gas storage, which could be
filled when lower-valued flare gas is being drawn from the steel
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FIGURE 10 | The GHG emissions required to replace the energy provided to the steel mill by the steel mill gases for the three capacity scenarios in 2050; low
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FIGURE 12 | Optimization of storage size for the base scenario (flare rate 2%, capacity 100 kt BFG).

mill, and used up when there is no flaring and higher value
electricity or heating gas is being drawn, taking advantage of these
short-term fluctuations.

The capital cost of the storage was taken into account using
commonly used capital cost estimation equations for a storage
tank, based on the capacity of the storage (Sinnott and Towler,
2009). Storage size was plotted against annualized capital cost,
yearly feedstock cost of the steel mill gas, and the sum of the two
to find the minimum of this sum, which is the optimal storage
size from an economic perspective and is shown in Figure 12.

The optimum storage size for the base scenario was compared
to the base scenario in Germany without storage. A comparison

of the replacement cost is shown in Figure 13. For example,
without storage, BFG has a replacement cost of about 13 €/ton.
When the optimally sized storage is used, it drops to about
6 €/ton. A similar result can be seen when looking at the
GHG emissions for the same scenarios in Figure 14, with even
more significantly reduced GHG emissions for BFG and only
a slight reduction for BOFG. The results show that optimally
sized storage is advantageous for reducing both the replacement
cost and GHG emissions impact of BFG by around 50% and is
therefore recommended for BFG. On the other hand, negligible
cost differences are seen for BOFG and COG, and therefore
storage is not recommended for BOFG or COG.
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DISCUSSION

Energy Results

The replacement costs for BFG for both heating and electricity
generation are the lowest, followed by BOFG and finally COG,
directly correlated to the gases’ calorific value. Heating has a lower
replacement cost in Germany than in France, and vice versa for
electricity. Electricity taxes and tariffs are significantly higher in
Germany than in France, resulting in a more expensive electricity

price. However, the price for natural gas in Germany is on average
lower than for France. Subsequently, in Germany, only 53.4% of
the time grid electricity is used to replace steel mill gases that
would otherwise be used in the power plant, compared to 95.4%
of the time for France. These values are not expected to vary
significantly year on year due to limited changes in the electricity
and natural gas price and no significant changes in the average
European steel mill. Therefore, the assumption that 2017 data
could be used as an effective proxy for steel mill gas replacement

Frontiers in Energy Research | www.frontiersin.org 62

May 2021 | Volume 9 | Article 642162


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Collis et al.

Economic Environmental Analysis Steel Gas

costs for other years is reasonable. Naturally, when looking more
than 5-10 years into the future, updated electricity and natural
gas price data should be used if available.

The different usages of each gas, shown in Figure 7, are less
certain to change in other circumstances. The major potential
source of uncertainty is the data obtained from the steel producer;
although flaring data was obtained from multiple plants and
manipulated to try and obtain European average flaring data, it
is still inherently based on steel mills from one company, and
therefore it is hard to say how accurately they portray flaring
patterns for steel mills from other companies. While all steel
mills using the conventional route of steel production should be
similar, there could be deviations in locations of parts of the plant,
making usage of one of the steel mill gases more favorable for
heating, for instance. The model used in this study was designed
in such a way that enables it to be used for any industrial flue
gas stream for which end usage data is available. Therefore, it is
recommended to use this model or perform a similar calculation
for each steel mill and flue gas utilization scenario desired due to
these individual mill differences.

Economic Results

The replacement costs of CO are significantly lower than
the benchmark for all scenarios of BFG and BOFG, and the
replacement costs for H, from COG are slightly lower than the
benchmark. Both BFG and BOFG show good economic potential
for use as feedstocks for the chemical industry. COG shows good
promise as an economically viable H; source if it is not required
pure; if it is, then the costs of separation would likely put the total
cost of Hy from COG above the benchmark cost. This section
discusses and analyses the results based on gas composition,
capacity, flare rate, and country.

When used as feedstock for CO, the replacement costs for
BFG are about half when compared to the replacement costs
for BOFG. When used as feedstock for CO,, this difference
becomes even more pronounced, with BFG’s replacement costs
being about four times cheaper per ton of CO, obtained. This
variance results from the compositional differences of the gases;
BOFG has a higher CO composition than BFG and a larger ratio
of CO to CO; than BFG. BFG has a similar replacement cost per
ton of CO or CO;, whereas obtaining CO from BOFG is about
75% cheaper than obtaining CO,.

This study finds that larger steel mill gas usage results in
a slight increase in replacement cost per unit of feedstock, as
shown in Figure 8. As the feedstock requirement increases, there
will be fewer times when the flared gas is enough to meet the
complete feedstock demand, thus requiring more electricity or
heating gas and therefore increasing the value of the gas. For
BFG and BOFG, the cost is relatively low and does not vary
markedly with respect to capacity. However, this increase in the
replacement costs of steel mill gases at increased capacities is
low. It should not affect the economic viability of a subsequent
chemical production process, especially when taking into account
expected decreases in capital costs when building larger plants.
COG is comparatively expensive, although it also does not
fluctuate too much as capacity changes.

Changes in the flare rate do not have as large an
impact on replacement cost as changes in the plant’s capacity
(Supplementary Material “Results for Differing Flare Rate
Scenarios,” Figure 3). The lack of variation is mainly because
steel mill gases are not flared very often, but when they is
flared, it is in large amounts, which are more than the required
feedstock amount. Although the frequency of flaring increases
slightly when the volumetric flare rate increases, this increase
is not substantial enough to notice a considerable reduction
in gas replacement cost when the flare rate is increased. In
general, for both changing flare rates and capacities, the change
in the replacement cost of the gas is usually around 10-20%
and is not expected to significantly affect a flue gas utilization
process’s economic viability. The lack of variation is similar when
looking at replacement cost per ton of CO, CO;, or Hj, where
smaller variations are seen with changing flare rate than with
changing capacity.

France has lower costs for BFG than Germany and has a
broader variation with a similar average cost for BOFG. This
wider variation is because BOFG, unlike BFG or COG, is used for
electricity generation and heating. Therefore, at lower capacities,
BOFG will use mostly electricity gas, which is cheaper in France
than in Germany. However, at higher capacities, heating gas
must be taken and then natural gas used as a replacement,
which is less expensive in Germany. Germany has a lower cost
difference between natural gas and electricity, meaning that the
cost variation with respect to capacity is smaller.

Costs for the two fossil-fuel-based feedstocks, CO and H; from
steam reforming, are expected to stay relatively stable as they
are established processes. However, with decreasing solar power
costs, the production cost of H, from electrolysis is expected to
drop sharply in the coming decade.

Transportation costs and other capital infrastructure required,
such as holding tanks, are not considered in this model. Such
costs depend heavily on the distance between the steel mill and
the chemical plant, as well as other location-specific logistical
factors. Ideally, the chemical plant would be located on or next
to the steel mill’s premises, heavily reducing transport costs to
almost nothing. In most scenarios, a pipeline would be used
to transport the goods. Another source of uncertainty is the
profit margin applied by the steel producer, which must be small
enough that the cost for the chemical producer is not greater than
other feedstocks.

Many previous studies on other chemical processes from steel
mill gases do not assume any purchase cost for the gases. This
may have a large impact on process economics, particularly for
the more valuable COG and BOFG. Even studies that assume
zero cost for BFG neglect a cost of multiple million euros per
year for mid to large capacity plants. Studies such as Yildirim
et al. (2018) that assume COG is to be replaced by natural gas
is a more accurate assumption. Taking an average price across
2017 for natural gas in France (31.4 €/ MWh) would then result
in a replacement cost for COG of 324 €/ton, which is similar to
the replacement cost calculated in this study (258 - 280 €/ton),
as most COG is used for heating and it has a relatively low
flaring rate. It is a slight overestimate due to the share of flare
gas that can be used, which does not require a replacement and
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is not taken into consideration with a static replacement cost
assumption. However, if steel mill gas usage data is unavailable,
it is a reasonable assumption to make for the replacement cost of
COG. Lee et al. (2020) assume that BOFG, as well as COG, will be
replaced by natural gas, resulting in a cost for BOFG of 145 €/ton
if the study was conducted in France in 2017. This assumption
results in a much higher replacement cost than the results
presented in this study of 52 — 65 €/ton. This is because only 25%
of BOFG is used for heating, while 68% is used for electricity
generation; therefore, it would have been more accurate to
assume a replacement by grid electricity if a static assumption was
desired. As for COG, flaring gas is again neglected, overestimating
the replacement cost. The more accurate replacement costs that
dynamic cost-minimization models provide could help refine
future studies investigating the usage of steel mill gases.

Greenhouse Gas Emissions Results

The GHG emissions required to replace CO from BFG are less
than the benchmark and viability point for all three capacity and
flaring scenarios, while for BOFG they were only less for the
low and mid-capacity scenarios. Therefore, usage of BFG as a
feedstock for CO, in particular, is highly recommended from an
environmental perspective, reducing the global warming impact
of chemical processes. The emissions required to replace H; are
exceptionally high, about 6 times more than the fossil-fuel-based
benchmark. It is not recommended to use COG to obtain H,
as a feedstock from a global warming impact perspective. In
this section, the GHG emissions results will be discussed and
analyzed from the standpoint of gas capacity, feedstock, flare
rate, and country.

In all scenarios, BFG has low replacement GHG emissions
due to its low calorific value; this means less grid electricity or
natural gas is required to replace BFG than BOFG or COG.
Furthermore, BFG has low replacement GHG emissions due to its
comparatively higher share of flare gas, which does not require a
replacement. Meanwhile, the replacement emissions when using
BOFG as feedstock for CO are about 3-5 times as high as
BFG; when using BOFG as a feedstock for CO,, replacement
emissions are 6-10 times as high as BFG. When both are used,
the replacement emissions are between 10 and 30 times as high.

As well as for the cost, higher capacities require larger GHG
emissions per ton to replace. At low capacities, usage of BOFG
for CO can result in a reasonably large emissions savings per
ton of CO. Still, the overall capacity is often so low that
the total GHG emissions saved are relatively insignificant. As
BOFG is the most evenly split between flare gas, electricity
gas, and heating gas (see Figure 7), it has the largest range
in all scenarios. Smaller capacities use mostly flare gas (which
does not require any replacement emissions) and electricity
gas, which requires relatively little emissions to replace. Larger
capacities use mostly electricity gas and heating gas, which
requires moderately high GHG emissions to replace. This is in
contrast with BFG, where most of the feedstock comes from
either flare gas or electricity gas, resulting in much smaller
variations as capacity changes.

As heating gas can only be replaced by natural gas, France has
a more extensive range than Germany, due to the considerable

average difference in GHG emissions between the electricity grid
and natural gas. COG usage results in the same GHG emissions
for both Germany and France because no COG is used for
electricity generation. Therefore, it is always replaced by natural
gas, and the range is due to changes in the amount of flare gas
used for different capacities. In the case that COG would also be
used for electricity production, perhaps its usage as a feedstock
could have a lower global warming potential.

Changes in the flare rate [shown in the Supplementary
Material section “Results for Differing Flare Rate Scenarios,’
Figure 3)] do not have as large an impact as changes in the plant’s
capacity. Again, this is because the frequency of zero flaring does
not change drastically, even as the total volumetric flare rate over
the year changes significantly.

A source of uncertainty common to industrial symbiosis is
which of the two partners should get any credits or certificates for
reducing emissions. It may be that due to European regulations,
one partner is unable to claim credit for reducing emissions. In
all likelihood, any subsidies or avoidance of taxes will likely be
passed from one consumer to the other; for instance, the steel
mill could claim an emissions reduction and use the money saved
to reduce the feedstock costs for the chemical producer.

Previous LCA studies such as Ou et al. (2013) that assume all
steel mill gas taken would have otherwise been flared (or give no
justification for their assumption of zero replacement emissions)
neglect a significant emissions source of 0.26-0.84 tons-CO,-
eq/ton BOFG. COG in particular requires a lot of replacement
emissions and would be a large oversight if completely neglected.
On the other hand, studies such as Thonemann et al. (2018) that
assume natural gas as a replacement for all steel mill gas emissions
overestimate the replacement emissions required, particularly for
BFG (0.94 tons-CO;-eq/ton BFG if natural gas was to replace
all BFG in France in 2017 compared to 0.02-0.11 tons-CO;-
eq/ton BFG) and BOFG (2.26 tons-CO;-eq/ton BOFG compared
to 0.26-0.84 tons-CO,-eq/ton BOFG), because most BFG and
BOFG are used to generate electricity, and are therefore instead
replaced by the electricity grid, which has a lower emissions
intensity (particularly in France). As well, the static assumption
of natural gas as a replacement does not consider flared gas,
which does not need any replacement and therefore lowers the
overall replacement emissions. This assumption, however, does
not severely overestimate the replacement emissions for COG
(5.05 tons-CO;-eq/ton COG compared to 3.9-4.2 tons-CO;-
eq/ton COG), because COG is mostly used for heating, which is
in turn replaced by natural gas. The smaller deviation is due to the
amount of flaring gas that can be used, which a dynamic model
takes into account. These discrepancies in turn could result in an
overestimate for the total emissions estimation for the chemical
processes investigated.

It is also important to point out that simply because the
replacement emissions required are lower than the emissions
that gas would have produced, that does not indicate that every
process using this gas as a feedstock will be environmentally
favorable. Further processing steps and chemicals needed for a
flue gas utilization process will also contain their own emissions
footprint, which could make them unviable. The values presented
in these plots can simply be used for the replacement emissions
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required when using steel mill gases as a feedstock in a flue gas
utilization process.

2050 Greenhouse Gas Emissions Results
Unlike the economic utility price data, it is expected that the
emissions intensity of the electricity grid will change significantly
in the future for most countries, particularly for Germany.
Although France already has a low emissions-intensity grid,
which is not predicted to change greatly until 2050, Germany’s
grid has a relatively high emissions intensity, which is expected
to decrease drastically by 2050 to levels similar to France. To
account for this, the study also analyzed usages for steel mill
gases in the 2050 scenarios. If studies into the shorter-term future
are desired (such as 2030), the model should be re-run at the
expected grid emissions intensities for that year and country. In
Figure 10, a strong decrease in the GHG replacement emissions
are seen for BFG in Germany between the 2017 (0.43-0.55 tons-
CO;-eq./ton CO) and 2050 (~0.05-0.06) tons-CO;-eq./ton CO)
scenarios; as most of the BFG is used for electricity generation,
changes to the emissions intensity of the grid have a large impact
on the replacement emissions required to substitute BFG. The
replacement emissions for BOFG in Germany also decrease from
2017 (1.07 - 1.75 tons-CO,-eq./ton CO) to 2050 (0.47 - 1.47),
although not as substantially as for BFG. This is because a smaller
fraction of BOFG is used for electricity generation than BFG,
so changes to the grid emissions intensity have a smaller effect.
Changes in France are not very pronounced for any scenario,
due to the small change expected in grid emissions intensity
between 2017 and 2050.

Although natural gas was still used in the model for the 2050
scenarios, in reality, it is unlikely to be the most common heating
method in 2050. As mentioned in Modeling the Replacement
Cost of Steel Mill Gases, a variety of other methods are being
investigated that aim to reduce emissions from heating in steel
mills. For this reason, the results for the 2050 scenarios are
relatively uncertain, with large differences in uncertainty between
the three kinds of steel mill gas. The 2050 values for BFG have
a higher certainty because very little BFG is used for heating.
For BOFG, of which up to 25% used for heating, the uncertainty
regarding future heating emissions has a greater effect. COG is
even more uncertain, as it is effectively only used for heating.
Therefore, the replacement emissions required for BOFG and
COG in 2050 could decrease drastically if low-emissions heating
technologies are widespread. Likewise, for higher capacity or
higher flaring scenarios where more flaring gas is used, the
uncertainty decreases, as the fraction of heating gas is lower.

Storage Potential

Use of storage shows substantial reductions in both the
replacement costs and emissions for BFG while having a
negligible effect for COG and BOFG, because of the larger
frequency of flaring for BFG compared to COG and BOFG. As
BFG is flared about four times more frequently, the storage tank
can be more often replenished with flare gas for BFG than for
BOFG and COG. As BFG is not flared in very high frequencies,
but large amounts on the occasions when it is flared, utilization

of a storage tank allows the possibility to use more flare gas than
a scenario without storage.

This result positively highlights the economic and
environmental benefits of storage when BFG is used. Although
BOFG and COG do not show a substantial decrease in cost or
emissions, this could also be different on steel mills that flare
these gases more regularly. It is recommended that the idea of
storage for BOFG and COG not be discarded, but the model
should be run on the data from the particular steel mill that is
being considered for a flue gas utilization process.

Data, Scenario, and Model Analysis
As the model directly uses the replacement costs of the steel mill
gases to determine the economic value and as an estimate for the
cost the chemical producer would pay for the gas, it is robust
and versatile and can be used for a range of industrial plants
and scenarios beyond what has been investigated in this study. It
can be directly used to estimate the economic and environmental
feasibility of novel flue gas utilization processes from steel mills,
which thus far have not taken into account the economic and
environmental cost of utilizing steel mill gases. These processes
can be analyzed by using data from published techno-economic
or life cycle assessments. Often, this data has to be adapted to
fit the novel process. Several parameters are important to note,
such as plant capacity, plant location, and the year the study was
conducted. As long as the plant’s capacity in the published TEA
is also of industrial scale, it is usually possible to directly up-
scale the costs according to commonly used factorial methods
(Sinnott and Towler, 2009). If much of the process is novel, as
is often the case for flue gas utilization processes, it will usually
not be possible to conduct a cost estimation based on published
literature. In this case, a complete TEA will have to be performed.
This TEA can be performed according to standardized guidelines
and methods found in literature (Peters et al., 2003; Sinnott and
Towler, 2009; Buchner et al., 2018; Zimmermann et al., 2020a,b).
The scenarios chosen for the study were selected to best
represent the realistic range of European steel mills, with high,
low, and mid flaring rates and gas capacities. Germany and
France were selected as they have a large chemical and steel
industry, while also having a considerable difference in the
electricity grid emissions intensity. Performing the study in
different countries could also have a great impact on results, due
to the changing grid emissions and utility prices; however, it
is likely that Germany and France continue to have substantial
chemical and steel industries in the future. The greatest source
of uncertainty in the key parameters chosen for the model is the
predicted grid emissions intensity for the 2050 scenario; many
developments or changes in policy and technology are possible
until 2050 that could greatly affect the future grid emission
intensity. Therefore, the future grid emissions intensity is quite
uncertain. Another potential source of uncertainty is the flaring
rate. It is possible that with technological improvements to the
integrated steel mill route that flare rates decrease in the future.
Decreases in the flare rate would increase the cost of steel mill
gases, as less flare gas could be used as feedstock. As well,
differences between the flaring rates of individual steel mills
could significantly affect the cost of steel mill gases. While the
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current certainty of flare rates is relatively high, future values
are very uncertain. More certain are the gas capacities selected
for the study; while process improvements could slightly reduce
the amount of steel mill gas required as feedstock for a chemical
plant, or slightly larger plants could be built in the future with,
respectively, larger feedstocks required, many of these processes
are limited stoichiometrically and therefore require at minimum
a set amount of a particular component. Therefore, it is expected
that the capacities chosen remain relevant for future studies.

A limitation is that the model’s scope does not include any gas
separation or purification that may be required for a particular
process to use the gas. Many chemical processes may require
purer CO or CO; or need one or more components removed
to avoid interference with desired reactions. However, many
chemical processes do not require pure components, such as the
Carbon4PUR process, which uses BFG directly (Carbon4PUR,
2020a). An interesting future study would be investigating the
costs and emissions involved in the separation and purification
of the essential components, such as CO or Hj, as perhaps a more
accurate comparison to the benchmarks for processes that require
pure component feedstocks.

CONCLUSION

A promising solution to reduce GHG emissions in the steel
industry is industrial symbiosis, using steel mill gases as a
feedstock for chemical processes. To correctly estimate such
processes economic and environmental impact, a model was
created to evaluate both the costs and global warming impact of
replacing the Current Usages of Steel Mill Gases. The valuable
feedstocks from steel mill gases such as CO and H; are compared
to conventionally produced benchmarks to assess their economic
and environmental viability.

The results from this model show that the usage of steel
mill gases requires a replacement cost for their current usages
in addition to a potential need for separation and purification
steps, which lie beyond the scope of this paper. Overall, however,
they are a viable source for certain desired feedstocks. BFG
in particular is viable as a source of CO and CO, from both
an economic and environmental perspective with replacement
costs between 50 and 70 €/ton CO and GHG emissions between
0.43 and 0.55 tons-CO;z-eq./ton CO, which is both cheaper
and less impactful than benchmark feedstocks. BOFG is also
recommended as a feedstock in most scenarios, but especially
in cases where all the BFG is already being consumed. While it
generally performs better than benchmark feedstocks, it performs
worse than BFG in most metrics and has a much lower total gas
flow than BFG. COG offers the potential for a slight reduction
in Hy cost (1800-2100 €/ton) when compared to conventional
production but at the expense of much greater emissions (31
tons-CO;-eq./ton Hj). BFG can be optimally used in most
scenarios with the addition of intermittent storage, allowing for
a higher ratio of desirable flare gas to be used.

Potentially interesting future studies could include
investigating the economic and GHG emissions cost of gas
separation and purification of the feedstocks in order to best
compare the results to those of conventional benchmarks. As
well, exploring a range of further scenarios such as different
future grid emissions intensities, other countries, or additional
sources of industrial flue gases.
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Ether as a Future Non-Fossil Fuel for
Road Transport From Sustainable
Feedstocks

Peter Styring*, George R. M. Dowson and Isabel O. Tozer
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In this review we consider the important future of the synthetic fuel, dimethyl ether (DME).
We compare DME to two alternatives [oxymethylene ether (OME,) and synthetic diesel
through Fischer-Tropsch (FT) reactions]. Finally, we explore a range of methodologies and
processes for the synthesis of DME.

DME is an alternative diesel fuel for use in compression ignition (CI) engines and may be
produced from a range of waste feedstocks, thereby avoiding new fossil carbon from
entering the supply chain. DME is characterised by low CO,, low NOx and low particulate
matter (PM) emissions. Its high cetane number means it can be used in Cl engines with
minimal modifications. The key to creating a circular fuels economy is integrating multiple
waste streams into an economically and environmentally sustainable supply chain.
Therefore, we also consider the availability and nature of low-carbon fuels and
hydrogen production. Reliable carbon dioxide sources are also essential if COo
utilisation processes are to become commercially viable. The location of DME plants
will depend on the local ecosystems and ideally should be co-located on or near waste
emitters and low-carbon energy sources. Alternative liquid fuels are considered interesting
in the medium term, while renewable electricity and hydrogen are considered as reliable
long-term solutions for the future transport sector. DME may be considered as a circular
hydrogen carrier which will also be able to store energy for use at times of low renewable
power generation.

The chemistry of the individual steps within the supply chain is generally well known and
usually relies on the use of cheap and Earth-abundant metal catalysts. The
thermodynamics of these processes are also well-characterised. So overcoming the
challenge now relies on the expertise of chemical engineers to put the fundamentals
into commercial practice. It is important that a whole systems approach is adopted as
interventions can have detrimental unintended consequences unless close monitoring is
applied. This review shows that while DME production has been achieved and shows great
promise, there is considerable effort needed if we are to reach true net zero emissions in
the transport sector, particularly long-haul road use, in the require timescales.

Keywords: dimethyl ether, diesel, net zero carbon, de-fossilise, synthetic fuel, e-fuels
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INTRODUCTION

The drive towards ‘net zero’ policies in the United Kingdom, and
indeed globally, has led to a re-evaluation of energy policies.
While the obvious sectors needed to maximise emissions
reductions are electricity and heating, a considerable quantity
of energy is consumed by the transportation sector, including
road, rail, aviation and maritime. The urgent need to de-
carbonise, or more correctly, de-fossilise, the transport sector
is a huge challenge. Internal combustion engines (ICEs) have
been developed and optimised over many decades and represent
the most abundant form of mobility powertrains. While there has
been a governmental drive in the United Kingdom to replace
ICEs with electric vehicles (EVs), a recent report by the Royal
Society (Royal Society, 2019) has also considered policies
surrounding a migration to synthetic transport fuels. The
reason is partly because a transition to an EV infrastructure
would require a complete overhaul of the electricity supply chain
and economics. While plug-in battery electric vehicles (BEVs)
provide zero tailpipe emissions, the energy required to power
them needs to be generated elsewhere.

In the current electrical energy grid mix the amount of
renewable power available is dependent on many factors
including weather and demand. In the United Kingdom, low
carbon energy (including nuclear) accounts for 55% of the
electricity generated on average across a year (2019 figures,
UK Department for Business, Energy and Industrial Strategy,
2020). This means that nearly half of the electricity remains fossil-
derived and so the emissions for BEVs are deferred to the power
generator. Therefore, BEVs cannot truly be considered as zero-
emissions vehicles if a complete life cycle is carried out to include
deferred electricity generation within the system boundaries.
Furthermore, it is also necessary to include the battery
manufacture and disposal of end-of-life in the
environmental analyses (Wang and Yu, 2021).

In a transition to net zero emissions, due to the economic
inertia of the existing supply infrastructure and logistics, it is well-
worth considering a graduated transition rather than attempting
a step change. For example, in compression ignition vehicles
(CIVs) such as diesel, it is not the engine that is the problem but
the fuels. Rather than significantly redesigning the engine, can we
instead redesign the fuels? In the case of diesel replacement, one
fuel that is attracting considerable attention is dimethyl ether
(DME) and the family of oxymethylene ethers (OME,) where
DME is equivalent to OME, and x is the number of additional
oxymethylene units (-CH,-O-) within the molecule. Alternative
liquid fuels are interesting in the medium term, while renewable
electricity and hydrogen are considered as reliable long-term
solutions for the future transport sector. DME may be considered
as a circular hydrogen carrier which will also be able to store
energy for use at times of low renewable power generation.

Work by Willems at Ford has shown that in engine tests, not
only is there zero SOx emissions associated with DME fuels
(because the fuel is not fossil-derived) but due to the reduced
carbon content in the molecules compared to diesel, CO,
emissions can be as low as 3 g/km, compared to EU 2020
standard diesel car emissions of 95g/km (European Council

units
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directive, 443/2009; European Council directive, 443/2009).
Furthermore, as less air is needed and the flame temperature
is lower there are practically zero NOx emissions, and because
there are no C-C bonds in the ether molecules particulate matter
(PM or soot) is also practically zero (Lee et al., 2016). Therefore,
compared to current electricity grid mixes and emissions in
power generation for EVs, the full scope life cycle emissions
for DME-CIVs could be considerably lower.

We recently published a review on the synthesis of oxygenated
transport fuels from carbon dioxide (Styring and Dowson, 2021),
including DME which prompted us to consider expanding the
range of feedstocks to include other materials considered to be
waste. Unilever have recently announced their ambitions to
remove fossil-based carbon materials from their supply chain
by using waste materials described by Unilever as a ‘Carbon
Rainbow’ (Unilever, 2020). This includes ‘Purple’ carbon (CO,),
‘Green’ carbons (bio-based), ‘Blue’ carbons (marine based) and
‘Grey’ carbons (general waste including plastics). Using these
principles, we present an up-to-date analysis of routes to DME/
OME; using waste feedstocks to eliminate fossil-carbon from the
fuels supply chain.

This paper aims to show that DME is a useful mobility fuel that
can be used as a diesel drop-in fuel that requires only slight
modifications to existing combustion engines. This will allow
low-emissions fuels to be used in legacy combustion engines
while the industry and society transitions to electric vehicles in
the mid- to long-term. Comparisons are made to FT and OME
ethers which may also be used as drop-in fuels. We consider the
technology available, and the feedstocks needed to assure a just
and economically viable move to synthetic fuels.

CARBON NEUTRAL FUELLING OPTIONS

Carbon neutrality, or the aim to reach a net zero state, refers to the
balance between reducing carbon dioxide emissions as far as
possible and removing the remaining of carbon dioxide from the
atmosphere. The European Union has committed to climate
neutrality by 2050 which includes the goal of being a society
with net-zero greenhouse gases. This commitment is also in line
with the legally binding Paris agreement as signed by 190 parties
(United Nations, 2015).

Transport is fundamental to modern living and is a key
stimulator for societal improvement and economic growth.
However, the negative externalities surrounding the emissions
caused by transport indicate that it is a key sector for
improvement to reach a net zero state.

In order to create carbon neutral transport, a multitude of
options need to be considered for the many different forms of
transport. The breakdown of global CO, emissions per transport
division can be seen in Figure 1 (Our World in Data, 2020).

Some transport sectors have already been optimised to reduce
CO, emissions. For example, the majority of passenger rail links
across the globe have been, or are in the process of being,
electrified (IEA, 2019). Thus, rail emissions only contribute to
1% of the global CO, emissions from transport (Our World in
Data, 2020).
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Rail: 1.0%
Other: 5.9%
Shipping: 10.6%

Aviation: 11.6%
(81% passenger; 19% from
freight)

Road (freight): 29.4%
(includes trucks and lorries)

FIGURE 1 | Breakdown of global CO, emissions per transport division.

Road (passenger): 41.5%
(includes cars, buses, motorcycles
and taxis)

When looking at electrification and carbon neutrality, again it
is important to recognise that in order to be truly carbon neutral
the electricity source must also be made in a carbon sustainable
Carbon sustainable electricity sources include
renewables such as energy retrieved from solar and wind
farms, or energy options form sources such as nuclear which
has a negligible direct production of CO, (IEA, 2020a).
Concentrating on road transport which dominates an
estimated 71% of the transport CO, emissions, there are two
key sectors, passenger and freight. In order to reach net zero,
carbon neutral fuel options need to be considered and
implemented in both these sectors. However, the same
methods can not necessarily be used for each sector, due to
their different working requirements.

The main driving force in United Kingdom passenger
transport is the electrification of the vehicle fleet, with the
United Kingdom government promising to ban the sale of
new combustion-engine vehicles by 2030 (Johnson, 2020).
This United Kingdom policy however does not cover freight
and heavy goods vehicles (HGVs) as there are many issues
surrounding their electrification. The barriers that would need
to be overcome by an advance in battery technology in order to
electrify the HGV fleet include the long charging time and limited
driving range of existing batteries. An increase in the size of the
battery to solve these problems, rather than an increase in
efficiency, would lead to the weight and size of the battery
being too much to make it a viable and cost-effective option
(Sia Partners, 2016). Current research on using BEVs to support
large heavy goods vehicles over 15 tonnes, shows low feasibility
for a conventional vehicle configuration due to their increased
loads and the longer trip distances required. The possibility of
BEVs supporting lighter medium goods vehicles (3.5-7.5 tonnes)
and smaller heavy goods vehicles (7.5-15 tonnes) would require
multiple charging events a day which would decrease sector
efficiency and require a massive infrastructure change (Forrest
et al.,, 2020). While fast charging of large battery-powered goods
vehicles may be possible in principle, this will require enormous
electrical power availability at major recharging stations (such as
motorway services), especially when multiple heavy goods
vehicles will need to be charged simultaneously. We have
calculated that to allow fast charging (1 h charge) of upcoming
battery goods vehicles such as the Freightliner eCascadia or the

manner.

Tesla Semi (long range), power supplies between 0.56-0.68 and
1.12-1.36 megawatts per vehicle respectively would need to be
made available at recharging stations. This is based on battery
sizes of 500 and 1,000 kWh in these vehicles and a 64-88%
charging efficiency (Apostolaki-Isofidou et al., 2017), which may
be lower when fast charging such large batteries (Michaelides,
2020). Note that a single full charge of the larger battery, enough
for a truck to drive for a full 9-hour day (approximately
500 miles), requires around a third of the electricity the
average United Kingdom household will use in a vyear
(O’'Mahoney, 2020). Indeed, the scale of challenges facing
electrification of larger heavy goods vehicles by using batteries
has promoted the alternative concept of electrification by use of
overhead cables and cabin-mounted pantographs in the
United Kingdom and abroad (Ainalis et al., 2020), eliminating
much of the battery weight.

Other on-board storage strategies include hydrogen fuel cell
technology. However, there is still a lack of the technology and
supply infrastructure that would be required to allow for
widespread adoption of this technology. Depending on the
production method used, the cost of producing hydrogen is up
to seven times more than that of petrol and diesel (Abbasi and
Abbasi, 2011). Furthermore, introducing hydrogen fuel cell
technology would also require a mass investment in and
restructure of fuelling infrastructure due to the necessity for
new fuelling stations and pipelines (Popov et al., 2018).

As alternative on-board power sources (such as hydrogen fuel
cell technology) require entirely new fleets of vehicles together
with significant and very costly infrastructure changes, there is a
gap in the market for synthetic fuels or biofuels, particularly those
which can be fed into the existing supply infrastructure.
Furthermore, synthetic fuels such as DME are circular
hydrogen carriers and utilise hydrogen as a method of storing
energy in a vector form that can be transported and stored with
more ease and safety than using hydrogen as the singular fuel
source (Catizzone et al., 2021).

Biofuels are fossil replacement transport fuels made directly
from biomass, instead of from fossil-based carbon sources. The
most widely used biofuels for transport are bioethanol and
biodiesel. Bioethanol can be produced from first generation
feedstock e.g. sugarcane as well as second generation feedstock
such as lignocellulose. The complexity of the process increases
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FIGURE 2 | The criteria of fuel.

as you go from 1st — 2nd — 3rd generation, however the
movement away from Ist generation feedstock avoids a key
barrier for the production of biofuels, namely the food vs fuel
argument (Prasad and Ingle, 2019). Biodiesel manufactured
mainly in the EU is produced by the transesterification and
esterification of vegetable oils or animal fats with alcohols such
as methanol (Brito Cruz et al,, 2014). Although regarded as one
of the most viable options for the reduction of CO, in
transport, biofuels only acquired around a 3% share of total
global transport fuel demand in 2018 (IEA, 2020b) due to
limitations such as raw material supply insufficiency, the low
mitigation of CO, and low-cost competitiveness (Oh et al,,
2018). In order for biofuels to cope with the increasing demand
for carbon neutral fuelling options, development in advanced
biofuels using inedible biomass looks to be a promising
solution.

It is clear that there is no single “silver bullet” solution to
decarbonisation of existing transport modes, including long
haul transport, aviation and maritime transport, that does not,
in turn, have further issues in terms of either public or private
financing, raw material availability or technology readiness.
While conventional fossil diesel fuel may be eventually
banned, starting with the elimination of new diesel
passenger vehicles in the United Kingdom in 2030
(Johnson, 2020), engines that currently burn diesel and
kerosene are still very likely to be used and needed much
further into the future. Indeed, the legacy vehicles purchased
before 2030 will still require fuels until they reach their end of
life. While this could be fossil-based petrol and diesel, there is
an opportunity to introduce alternative fossil-free fuels such as
DME to accelerate the de-fossilisation of the passenger
transport fleet while EVs become more established.

DME Fuel

CRITERIA OF THE FUEL

For a synthetic liquid fuel to be the best option to move freight
vehicles to a carbon neutral transport source, it needs to fulfil the
‘fuel criteria’. This includes the environmental cost, referring
primarily to whether it can be made sustainably in order to make
it carbon neutral, but also other environmental factors (such as
resource depletion, water use and generation of other pollutants)
which must be considered in detailed life cycle assessment. It also
refers to whether the fuel itself can be made in a financially viable
manner so that the industry can continue to work profitably
without continued reliance on substantial government subsidies.
Additional criteria include the supply and scope of the new fuel
and the reliability of supply. Compatibility with the existing
global infrastructure and combustion engines is also essential.
Finally, it would be advantageous if it were possible to mix the
new fuel with existing fuels. This would allow immediate
introduction of the new fuel and therefore an immediate
transition towards carbon neutrality. This has the added
advantage that it would either comply with existing legislation
or fall within the scope of realistically foreseeable future
legislation. These criteria are illustrated in Figure 2.

Synthetic liquid fuels in this setting work from the principle of
defossilisation rather than decarbonisation. This is due to the fuel
still being a carbon combustion source. The feedstock material
being captured carbon dioxide which is utilised (CCU) or other
sustainable carbon resource to synthesise the fuels (Global
Alliance Powerfuels, 2020). Defossilisation acknowledges that
it is not just carbon atoms being present in the atmosphere
which cause dangerous climate change but rather the increase in
the overall concentration of the carbon atoms. Thus, it is the
carbon atoms derived from fossil sources that need to be
prevented from reaching the atmosphere (ETIP PV, 2020).
Although during the use phase of using synthetic liquid fuels
carbon will be a factored emission in such forms as CO, and lesser
so carbon particulates within the life cycle of the fuel, the circular
nature of CO, being both the initial feedstock and final product in
the forms of emissions, leads the fuel to have similar inclusive
carbon emissions as carbon free fuels such as hydrogen and
ammonia. This minimises the environmental concerns. Further
environmental concerns coming from conventional fuels can also
be diminished. This is because certain liquid synthetic fuels can
reduce other emissions such as NOx, whereas carbon-free fuels
currently being researched in a dual-fuel capacity show high NOx
emissions and unburnt ammonia due to the fuel-bound nitrogen
(Dimitriou and Javaid, 2020).

In order to maintain a carbon neutral fuel source, the carbon
atoms that are taken away from the atmosphere in the form of the
material feedstock need to be equal in number to the carbon
atoms released when the fuel is burnt, with no additional fossil
carbon used. Subsequently, the energy-intensive processes of
synthesising the fuels need to be powered by renewable energy
sources, such as wind, solar and hydro. Nuclear fuel, although not
considered renewable, is a low-carbon source of energy suitable
for clean electricity provision for the production of synthetic
fuels. It should also be noted that recent research considered
extracting uranium from seawater, making nuclear power a
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significantly more sustainable and egalitarian energy source
(Parker et al., 2018). It has also been suggested that as there is
growing demand for renewable energy sources and as the sources
are not always constant, the use of excess-energy during low
periods of demand can be used to produce synthetic fuels (Luo
etal., 2015) rather than being “wasted” by curtailment. In this way
the liquid fuels acts as an energy vector that can be stored using
existing facilities and infrastructure. This could boost the
financial value of the renewable energy source. To determine
and demonstrate the true carbon neutrality of a fuel an
environmental lifecycle assessment can be used (Zimmermann
et al., 2020).

A viable synthetic fuel also needs to a financially sound
investment. Here, the variables that contribute into the cost of
the fuel are the feedstock materials, production costs and the fuel-
to-vehicle transport, otherwise known as the fuelling
infrastructure. As previously mentioned, for a synthetic liquid
fuel to be financially viable in comparison to other fuelling
methods, one main component is that the fuel would be
compatible with current pipelines, infrastructure and
combustion engines (Willems, 2018).

To be financially viable, the synthesis route also needs to be
cost-effective. This may differ depending on the country in which
country the fuel is produced. For example, the cost of producing
electricity in France is low due to the high use of low-cost nuclear
energy sources (Nuclear Power in France | French Nuclear Energy
- World-nuclear.org, 2020). If the low cost of nuclear electricity
production could be exploited, it could be more realistic for
France to use the energy intensive hydrolysis method of hydrogen
production. The specific route for the generation of the fuel from
sustainable carbon and how that carbon is acquired or captured
will be compared in a later section.

Finally, to be the answer to the carbon neutral fuelling crisis,
ideally the synthetic fuel would be compatible with current
combustion engines as this would mean that current trucks
and HGVs could be made carbon neutral by just changing the
fuelling source instead of changing the engine or having to build a
new fleet of HGVs entirely. This would give an enormous
advantage because of the existing fuelling infrastructure. If this
is the case, and the new fuel can be mixed with conventional fuels,
this allows a gradual transition towards higher concentrations of
the low carbon fuel whist the supply line is developed and ramped
in scale sufficiently to replace the current supply demands.
However, mixing of fuels and using different fuels in existing
engines and within existing infrastructure may encounter
legislation restrictions which may need to be changed in order
to make a smooth and complete legal shift (European Council
directive 2018/2001). this will depend on a variety of factors from
the degree of blending and the nature of the new fuel to the
intended use of the fuel.

TYPE OF SYNTHETIC FUEL CONSIDERED

For the reasons explained above we are interested in fuels that
have a possibility of being “drop-in” compatible with diesel
combustion engines (the most common in goods vehicles) and

DME Fuel

which would only require limited retrofitting of existing engines
(such as replacing the fuel tank) rather than the development of a
completely new engine. Accordingly, we have not focussed on
hydrogen directly as a synthetic fuel, because an additional fuel
cell or significant change to HGVs’ internal combustion engines
would be required.

The fuels that best meet most or all of these criteria are
dimethyl ether (DME), oxymethylene ether (OME,) and
potentially synthetic diesel through Fischer-Tropsch (FT)
reactions. These are considered individually below.

Dimethyl Ether
DME is a liquefied gas that has been identified as a potential diesel

fuel replacement. It has a chemical formula of CH;0CH;, Its
structure is illustrated in Figure 3.

Using DME as a fuel significantly reduces NOx output in
comparison to conventional diesel engines due to lower flame
temperatures and more efficient combustion. Additionally,
DME combustion produces far less particulate matter
(Pélerin et al., 2020), which is a significant concern in
major cities around the world. The lack of particulate
matter is due to the absence of C-C bonds in DME, this
results in the clean burning and the shorter ignition delay
compared to diesel (Kajitani et al., 1997). Rather than C-C
bonds, the abundance of C-O bonds leads to a vast reduction in
unburnt hydrocarbon fuel exhaust. This is because the extra
presence of oxygen in the combustion leads to complete
combustion and results in less carbon monoxide and
unburnt carbon (soot) being produced. The additional
oxygen in the molecular structure also reduces the amount
of air required for the same energy output in the engine, which
further reduces NOx generation. The particulate yields for
DME are 0.013% compared to that of regular diesel (0.026%)
or biodiesel engines (0.51%) (Sidhu et al., 2001).

The liquefied gas has a boiling point of —25.05°C. This, in
combination with the differences in other physical properties,
such as the viscosity and calorific value, means that some changes
to a vehicle would be required to make DME a suitable
replacement for diesel (Willems et al, 2020). In order to
retrofit existing diesel HGVs either low level retrofitting
(replacing the tank for on-board blending) or high-level
retrofitting (low level plus the additional replacement of the
injection system and air path modification) is required; these
come at an estimated additional cost to consumers of =4 k€/truck
or =7 k€/truck respectively (INERIS, 2020).

“

FIGURE 3 | The structure of DME (built in Avogadro, 2021).
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TABLE 1 | The comparison between the properties of DME, diesel and methanol can be seen in (Arcoumanis et al., 2008), (Worldwide Fuel Charter Committee, 2019), (Wang

et al., 2020), (US deperatment of energy, 2021):

Property (unit/condition) Unit
Chemical structure
Oxygen content Mass%

Final boiling point ‘C

Density at 15°C kg/m?®
Cetane number

Lower heating value MJ/kg
Volume required for diesel equivalence m®/m?®

As shown in Table 1, DME has a higher cetane number than
diesel. This allows it to perform well as a fuel alternative since the
low auto-ignition temperature in combination with the low
boiling point means that the fuel, once injected into the
system, vaporises almost instantly leading to reduced ignition
delay and good cold-starting properties (Teng et al., 2001).

However, a consideration for fuel substitution is that due to
the lower heating value (LHV) of DME in comparison with diesel,
the equivalent fuel volume of DME to diesel is 1:1.8 L proficiently
(McKone et al., 2015). Thus, larger fuel tanks are needed to fulfil
the same distance requirements, and these fuel tanks must be
designed to handle the gaseous fuel. This, along with other vehicle
changes such as timing, air fuel mixture ratios and alternative
lubrication methods encompass most of the modest
modifications required to allow conventional diesel engines to
run using DME.

However, while pure DME is not compatible with gasoline or
petrol engines that use spark ignition, it can be used in a 30%
DME/70% liquified petroleum gas (LPG) ratio, potentially also
allowing some non-diesel vehicles to run up to 30% cleaner in
terms of CO, emissions (IDA Fact Sheet No. 2, 2010).

Although a gas at room temperature, DME has a comparable
vapour-pressure interaction to LPG which forms a liquid phase
above 0.5MPa (5bar). Therefore, DME has similar
characteristics to LPG, which is widely transported (Verbeek
and Van der Weide, 1997) and so would be compatible with
existing transport infrastructure. Additionally, DME can be used
as a carbon neutral feedstock for production of olefins using a
zeolite catalyst. This provides an innovative mechanism for
making carbon neutral polymers and other products that are
usually derived from petrochemicals (Galanova et al., 2021).

The colourless DME gas has no negative health effects. Even at
high vapour concentrations the human reaction is only that of a

Diesel DME Methanol
Av. CisHog CH3;—0O—CH3 CH3OH
Range C1o—Cyo
0 34.8 50
365 -25.05 64.7
815-850 667 797
>51 >55 5.0
43.8 27.6 22.7
1 1.8 2.2

small narcotic response (Arcoumanis et al., 2008). Due to historical
usage of DME as an aerosol propellent, the safety aspects of DME
exposure have been evaluated extensively (McKone et al., 2015).

Dimethyl Ether Efficiency

The basic cycle of carbon-based greenhouses gases and other
sustainable carbon sources to produce DME fuels follows CO,/
CH, capture and storage from a variety of sources including, but not
limited to, power, steel, cement and other industrial plants, landfill
sites, waste to gas by anaerobic digestion and potentially air-captured
CO,. The well-to-miles or well-to-wheel cost compares different
fuelling solutions and their impact on climate change through
greenhouse gas emissions (Semelsberger et al., 2006). DME has
shown high well-to-wheel efficiency, demonstrated using a fleet of
DME-fuelled Volvo vehicles operating on sustainable feedstocks
(IDA Fact Sheet No. 2, 2010). Well-to-tank efficiencies have varying
values from various sources as this is dependent on the designation
of affecting variables. The higher values of well-to-tank efficiencies
come with the assumption of total vehicle efficiency of 40%, with the
well-to-tank portion calculated at 27%, whereas a well-to-wheel
efficiency of 18% was calculated using conventional technology
(Semelsberger et al, 2006). The efficiencies will also change
depending on the source of the carbon dioxide.

‘Well-to-miles’ calculations show a 2% overall change when
comparing air as a carbon dioxide source in comparison to biogas
in passenger vehicles (Hanggi et al., 2019). Although the well-to-
miles efficiency is lower than that in conventional diesel and
petrol engines due to the high well-to-tank efficiency of these
established processes, DME fuel has an equivalent or higher
efficiency than all other alternative transport fuels in the study
(Semelsberger et al., 2006). If DME becomes a conventional
feedstock, the well-to-tank efficiency would increase as
technology is developed and perfected.

FIGURE 4 | The structure of OMEg (built in Avogadro, 2021).
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TABLE 2 | Comparison of OME, and diesel properties.

Property (unit/condition) Unit Diesel
Chemical structure Av. CysHog
Range C12—Cxo
Oxygen content Mass% 0
Final boiling point °C 365
Density at 15°C kg/m?® 815-850
Cetane number >51
Lower heating value MJ/kg 43.8
Volume required for diesel equivalence m®/m? 1

Oxymethylene Ethers (OME,/OME,)
OME, are related to DME with the chemical formula of CH;0-

(CH,0)4-CH3, x = 1-8 (Ouda et al,, 2018). OME, as DME
derivatives have similar properties but a higher molecular
mass and boiling points. An example of the chemical structure
of an OME; molecule is illustrated in (Figure 4).

The oligomer length of the OME has a significant effect on
the physical properties of the fuel. However, due to the
increased length and higher boiling point in comparison to
DME, the fuel acts similarly to LPG but has physical, chemical
and fuel-properties similar to conventional diesel (Deutsch
et al., 2017). The similarities allow conventional diesel supply
structures to be used without significant alterations (Oestreich
et al., 2018). This allows OME to be a direct replacement for
fossil fuels as an immediate “drop in” replacement (Deutz
et al., 2018).

OME, also have no C-C bonds so are clean burning as
discussed above in relation to DME. Similarly, precursors for
soot such as C,H, are inhibited in the combustion cycles (Sun
etal., 2017). Another advantage of minimal particulate matter
production is that there is a reduction in fouling in engine
parts such as in the exhaust gas recirculation system (Hértl
et al., 2017).

As the oligomer lengths affect the fuel properties, the
compatibility and suitability of OMEx as a diesel replacement
is dependent on oligomer length. Properties of different oligomer
length OMEs and a comparison to diesel properties are shown in
Table 2 (Worldwide Fuel Charter Committee, 2019), (Hartl,
et al.,, 2017).

The operating efficiency of a modern diesel engine will decrease if
the cetane number is not higher than 51. Therefore, OME; is not a
viable candidate as a replacement for diesel fuels.

An increase in the length of the oligomer sees a decrease in the
lower heating value. The lower heating value determines the rate of
flow of fuel required into the engine needed for the defined output
energy from the engine. If a fuel has a lower heating value a high
volume of fuel is required to meet the same energy output. The
increase in density with oligomer length does help combat this issue.
The volume of fuel needed for fuel equivalence is 1.7x that of diesel
m’/m’.

Fischer-Trospch Diesel

Fischer-Trospch (FT) diesel is produced from syngas
condensation (CO/H,) and post-processing to create a
synthetic fuel that has a similar long chain hydrocarbon

DME Fuel
OME, OME; OME; OME, OME;
CsHeO2 C4H1003 CsH1204 CoH1404 C7H1606
421 45.2 47 48.1 48.9
42 105 156 202 242
860 980 1,030 1,070 1,110
29 63 67 76 90
22.4 20.6 19.4 18.7 18.1
1.77 1.75 1.7 1.7 1.7

structure to conventional diesel. However, the fuel properties
can vary from batch to batch due to the changing of process
temperatures, catalysts and feedstock quality (Alleman and
McCormick, 2003) with variations that can be used to tailor
the fuels to the end-users needs (Gill et al., 2011).

Although very similar to conventional diesel, FT diesel has
virtually no sulfur or aromatic hydrocarbons (Abu-Jrai et al.,
2006). Although this decreases emissions such as SOx, the
sulphur and aromatic contents of conventional diesel provide
it with natural lubricity, which is absent in FT diesel. However,
this can be rectified by commercial additives (Rodriguez-
Fernandez et al., 2019). The high cetane number of fuels that
can be derived from the F-T process also show a high potential for
reducing the NOx/PM trade-off seen in conventional diesel
engines (Rounce et al., 2009).

SYNTHESIS ROUTES

Fischer-Tropsch Diesel

FT synthesis is classified into high temperature (310-340°C)
and low temperature (210-260°C) reactions (Leckel, 2009).
The low temperature and high temperature methods give
different compositional outcomes. Low temperature
provides a higher cetane number and paraffinic compounds
more suitable as diesel fuels. High temperature FT is more
suitable as a gasoline substitute. One draw-back to the low
temperature product is the lower density than conventional
diesel which may lead to a need to reconfigure the fuel
injection strategy and hardware (Larsson and Denbratt,
2007). The catalytic FT process to produce diesel fuels is
shown in the following reactions:

Syngas production
H,0+ CO—H, + CO, (water gas shift) (1)
H,0+ CH, — CO+3H, (steamreforming methane)  (2)
FT Process
nCO+ (2n+ 1)H, = C,H yy42) + nH,O  (paraffins)  (3)
nCO + 2nH, — C,H,, + nH,O (olefins) (4)

The complete diesel production process, including post-
production, is complex with numerous reactors and processes
required. This is because direct FT products are a range of carbon
numbers requiring upgrading to reach the desired carbon number
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for a homogenous fuel. This is less of an issue for OME; fuels due
to their limited range of products and even less of an issue for
DME production as a single component fuel, which requires a
simple distillation.

According to (Becker et al.,, 2012) and (Hanggi et al,, 2019) it
takes 80 kJ/mol of electrical energy to transform 1 mol of CO into
the desired diesel product. Although only 85% of the initial FT
products can be formulated into the desired diesel product (Oscar
et al., 2009), the other 15% can be burnt as a heat source for
processes such as distillation or the water gas shift reaction. The
excess heat provided also provides the thermal requirements for
the diesel production process (Hanggi et al., 2019). Due to the
additional refining processes in FT synthesis, the well-to-miles
efficiency is lower than for DME production. The energy
consumed in the production is approximately 25% more
(Hinggi et al., 2019) than that of DME (Oscar et al.,, 2009).
On the other hand, FT fuels benefit from the lack of changes to
the IC engine and the diesel supply infrastructure. However, these
may not be significant enough to establish FT diesel as a more
promising fuel for the decarbonisation of HGVs than DME.

Oxymethylene Ether Synthesis

From DME or methanol there are a variety of different synthesis
pathways to OME as shown in Figure 5 (inspired by Baranowski,
et al.,, 2017).

The most common synthesis pathway uses formaldehyde, as
shown. However, the additional step required to synthesise
formaldehyde, while it can be produced sustainably through
partial oxidation of the MeOH (Ouda et al., 2017), decreases
the well-to-wheel efficiency. The efficiency and economic viability
of the process, no matter what route is taken, is also significantly
reduced due to the many energy intensive fractional distillation
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processes required to separate the OME:s in order to make a fuel
of equivalent compositions (Lautenschiitz et al., 2016).

2MeOH + FA™ OME, + H,0 (5)
OME,_, + FA™ OME, (6)
HF, + MeOH™ OME, + H,0 7)

Due to the increased complexity of the process and due to the
required separation processes, OME synthesis has a lower exergy
efficiency and a lower total fuel energy obtained from the same
amount of CO, and H, in comparison to other synthetic fuels
such as DME. However, it is comparable on this basis to that of
FT diesel (Burre et al., 2019). Thus, unless and until further
research and development leads to increased efficiency of the
precursor of OME, DME appears to be a more efficient energy
source.

Dimethyl Ether Synthesis
Dimethyl Ether From CO,
DME can be synthesised from CO, via two main routes. By Route
1 it can be synthesised through the formation of syngas in the
reverse water gas shift reaction (RWGSR) where it is then
converted to DME through direct or indirect synthesis. Route
2 involves the synthesis of DME directly from CO,. Figure 6
shows a selection of potential routes to produce sustainable DME
from a variety of sustainable carbon sources, with the key
‘steppingstones’ of most pathways, namely syngas and
methanol, highlighted in green. This gives considerable scope
for process development and new chemistries.

The Korean institute of Science and Technology developed
a reactor sequence using the formation of syngas. It claimed
that the reduction in the size of the methanol synthesis reactor
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FIGURE 5 | Liquid phase synthesis of polyoxymethylene dimethyl ethers (OME) via methanol (derived from various sources) and DME. The depicted routes and
reactants have been reported to be used for the production of OME,, with n > 1: OME; = dimethoxymethane, TRI = trioxane, PF = paraformaldehyde, FA = formaldehyde,
DME = dimethyl ether.
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and the increased efficiency in the production of methanol in
this reactor led to the two-step procedure being the optimal
method (Joo et al., 1999; Goeppert et al., 2014). Although the
water produced during CO, hydrogenation limited the
formation and dehydration of methanol, thus resulting in a
lower DME vyield in comparison to CO (Azizi et al., 2014),
more recent studies show that the higher oxidation power of
CO, in comparison to CO positively affects the active state of
the catalyst for methanol formation, thus increasing the
methanol yield, making it an equally viable pathway (Centi
and Perathoner, 2013).

Evaluation of intermediate syngas production is not within
the scope of this review. However, DME synthesis from CO,
without syngas can also be categorised into a single-step
process (direct synthesis) or a two-step process (indirect
synthesis) (Asthana et al, 2016). The basic principle of
DME formation from CO, is hydrogenation of CO, to form
methanol then the dehydration of methanol to form DME. In
the indirect process two reactors and two catalysts are used,
whereas in the direct process a single reactor and a bifunctional
catalyst is used; the bi-functional catalyst carries two active
sites, one for methanol formation and one for dehydration
(Alvarez et al., 2017). The reactions for the formation of DME
from CO, are the hydrogenation of CO,, the reverse water gas
shift reaction and the dehydration of methanol:

2CO, + 6H, 2 CH;0CH; + 3H,0 (12)

In indirect synthesis, as methanol is synthesised separately and
requires purification before the DME synthesis in a separate
reactor, the economic viability of methanol production
compared to DME is the main issue (Takeishi and Akaike,
2016). The dehydration/condensation of methanol to produce
DME as a distinct step is discussed later. For the direct synthesis
of DME using a ‘one-pot’ method, referring to simultaneous CO,
hydrogenation and methanol dehydration, the bifunctional
catalyst requires a redox function to catalyse the CO, and an
acidic function to convert methanol to DME (Alvarez et al.,
2017). The direct synthesis is theoretically more efficient and
economical than the indirect method due to the reduction in
process complexity and the thermodynamic -equilibrium
limitation of methanol synthesis decreasing by the
consumption of methanol in the dehydration reaction. This
moves the equilibrium in the forward direction (Vakili et al,
2011; Catizzone et al, 2017). As a result, the methanol
purification unit required by indirect synthesis can be
discarded as only one reactor is required in direct synthesis
(Mollavali et al., 2008) and higher DME selectivity can be
achieved (Aguayo et al., 2007).

The bifunctional catalyst historically used for DME synthesis
is made up of CuO/Zn0O/Al,O; (CZA) for the CO, hydrogenation
and has been proven to be highly active (Ali et al., 2015) working
alongside a solid acid catalyst HZSM-5 or y-AlL,O; for the
methanol dehydration to DME (Ren et al, 2019). As one of
the key features that limits the effectiveness of bifunctional
catalysts is the water production from the use of CO, instead
of CO, recent research has been conducted to improve the
stability of the hydrogenation catalyst. Zirconium modified

CO, +3H,2CH;0H + H,O - 49.51(]/m01c02 (8)
CO, +H,2CO+H, + 41.21(]/m01c02 )
CO +2H, 2 CH;0H - 90.6kJ /molco (10)
2CH;0H 2 CH;0CH; + H,0 - 23.4k]/molDME (11)
The combination gives the overall rection:
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CZA catalysts (Ren et al.,, 2020) and zeolite surface interaction
with CuO-ZnO-ZrO, (Bonura et al., 2020) have both been shown
to increase the stability of the catalysts with significant
improvements on catalytic stabilities being recorded.

Thermodynamic Considerations

According to Le Chatelier’s principle and equations, using a lower
temperature and higher pressure should promote the formation
of the desired products as the exothermic nature of both
methanol and DME production favour lower temperatures,
whilst the endothermic nature of the reverse water gas shift
reaction favours higher temperatures and is independent of
pressure. As DME is synthesised with methanol as an
intermediary product, the thermodynamic profiles are closely
related with, as previously mentioned, the limitation of the CO,
conversion being removed by carrying out the methanol
dehydration within the same catalytic system. Although the
formation of olefins is possible in the production of DME
from CO,, these can be minimised by optimising the catalysts
(Catizzone et al., 2017) and shortening the residence time in the
reactor (Moulijn et al., 2013) and therefore are not taken into
thermodynamic consideration.

Thermodynamic profiling by (Shen et al., 2000) show that the
combination of methanol synthesis and dehydration to DME
indeed gave a consistently higher CO, equilibrium conversion
than the singular CO, hydrogenation to methanol process.
Kinetic modelling of this process (Aguayo et al, 2007; Qin
et al.,, 2015) concluded, that the rate-determining step in DME
synthesis was the methanol synthesis. Use of a Gibbs free energy
minimisation approach verified this and supported Le Chatelier’s
principle, concluding that CO, conversion and DME selectivity
also increases with increasing total pressure (Ahmad and
Upadhyayula, 2018). Although CO, conversion increases with
temperature above 350°C, this signifies the move from
equilibrium to kinetics controlling state of reaction
completion. As a result of these competing influences,
complete conversion to DME is close to impossible and there
will always be a mixture of methanol and DME at equilibrium,
meaning a separation process will always be required (Stangeland
et al.,, 2018).

Dimethyl Ether From Methane

Rather than using CO, as the direct source of the carbon for
the DME, sustainably derived methane can alternatively be
reformed or oxidized to form syngas or methanol respectively
as shown previously in Figure 6. Either product can then be
used to derive the DME fuel. The sustainably derived methane
is generated by two main routes, anaerobic digestion or the
Sabatier reaction of waste organic material, which will
naturally in turn have been generated from photosynthetic
air-captured CO, at some point in the past. The Sabatier route
involves the gasification of carbon-rich resources to generate
pyrolysis gases; CO,, CO, H,, CH4 and hydrocarbons, that can
be further converted to commercially useful grades of methane
using hydrogen and nickel-based catalysts (Sabatier and
Senderens, 1902). The reactions are typically carried out at
elevated temperatures and pressures (400°C and 30 bar) and
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proceed via complete hydrogenation of the carbon-species
present:

CO, +4H, 2 CH, + 2H,0
CO +3H,2CH, + H,O0

+ 165k] /mol
+206k] /mol

(13)
(14)

Side reactions typically include the generation of short
hydrocarbon chains and elemental carbon.

A small number of plants using this principle have been
operating for decades, converting coal into synthetic natural
gas. Nevertheless, only one remains (in Beulah North Dakota)
as low-cost shale gas has grown to dominate the non-sustainable
fossil fuel market for natural gas (Kopyscinski et al., 2010; De
Simio et al., 2013). New opportunities in this area remain, such as
the possibility of using sustainable waste carbon resources like
woodchip and other biomass which allow for the generation of
renewable natural gas as a distinct product that can be
immediately injected into the local national grid (Uchida and
Harada, 2019; Vogt et al,, 2019). By contrast, methane production
from anaerobic digestion is widespread and typically carried out
in individual small-scale digesters and on-site generation in
suitable locations, particularly landfill sites. In the US in 2020,
the total production of renewable natural gas via anaerobic
digestion reached approximately 1.2Mt (Mintz and Voss,
2020). The methane produced through anaerobic digestion, by
contrast to that produced in the Sabatier reaction, is typically
mixed with significant quantities of CO, and has a high water
content. However, biogas drying and sweetening either by
removal of this (originally biogenic) CO, (Aepli et al., 2020)
or by further conversion of that CO, to more methane using
renewable energy sources (Cave, 2020) is a developing industry.

While it may initially seem to be a circuitous route to generate
DME from CO,-derived methane, given that methane is in a
lower oxidation state than the DME, the potential benefit of using
methane as an intermediate may be practical. For example,
methane is readily transported by the existing natural gas
pipeline networks in most developed economies. Furthermore,
existing, highly developed and commercialised processes such as
those used for drying natural gas, can be used directly. The initial
cost-savings of being able to use this existing infrastructure have
been discussed previously and it holds significant benefit,
avoiding the necessity of the generation of a new fuel
transport infrastructure. The sustainable methane, delivered
via pipeline, could then be converted into DME at the desired
site, allowing flexible development of the technology by
separation of the direct or indirect CO, utilisation from the
fuel production. Once there is a supply of sustainable
methane, it may be partially oxidized to methanol or syngas
and then converted into DME as detailed previously, or even
directly converted into DME by other means. For either partial
oxidation route, selectivity to the desired product can be
controlled by the reaction temperature. High reaction
temperatures favour the production of syngas, whereas lower
reaction temperatures promote the formation of methanol
(Khirsariya and Mewada, 2013). However, the low reactivity of
methane also makes the activation of the selective oxidation route
challenging at low temperatures, resulting in a trade-off between
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reaction rate and selectivity to methanol. Supported copper-based
catalysts have however shown promise, especially with water
included or even used as the oxidant (Shi et al, 2018;
Koishybay and Shantz, 2020).

Once the methanol is obtained, the formation of DME is
carried out over a variety of acidic solid catalysts at 200-300°C
and typically gives DME in high yield and selectivity through
methanol dehydration. Example catalysts include supported
iron and copper oxides and copper/zinc/zirconica catalysts,
typically used in CO, hydrogenation to methanol (Armenta
et al., 2020). These catalysts can approach the maximum
theoretical yields and selectivities for the reaction, which
are limited by the presence of water (Migliori et al., 2020).
Methane partial oxidation or reforming into syngas is a highly
active area of research, both for hydrogen production and for
further chemical synthesis, via syngas, from methane sources.
The former is usually carried out by steam reforming,
generating three molar equivalents of hydrogen per
molecule of methane, with an additional molecule of
hydrogen available from RWGS in tri-reforming. The latter
route, where syngas with a lower hydrogen concentration is
desired, can be achieved through dry autothermal reforming,
which uses further carbon dioxide with the methane at high
temperatures to generate 1:1 syngas.

CH, + H,O23H, + CO Steam Reforming (15)
CH, + 2H,0@4H, + CO, TriReforming (16)

2CH; + 0, + CO, @3H,; + 3CO + H,O Autothermal Reforming
(17)

This is carried out using a wide variety of catalysts, typically
including supported nickel but also iron, calcium, zinc and
cerium-based catalysts (Gao et al., 2020a; Ugwu et al., 2020;
Dang et al., 2021; Shah et al., 2021) among others. Along with
this variety of catalysts, a wide variety of conditions are also
used with temperatures ranging from 550°C to 2,000°C,
however very high yields (>95%) and selectivities (>95%)
are typically achieved. The subsequent conversion of syngas
to DME proceeds as detailed in the previous section on the
direct route for DME from CO,.

Finally, it is also possible to use methane as a direct precursor,
rather than as a syngas or methanol source. This involves the
activation of methane using a halogen radical to generate the
methyl halide, followed by a precious-metal catalysed hydration-
dimerisation process. Of note here is the potential for a low-
temperature route to DME, with the hydration-dimerisation of
methyl bromide to DME shown to occur with good yield and
selectivity at just 150-180°C using a simple ruthenium catalyst
(Xu et al,, 2005). While the initial bromination step in that
research required temperatures of 530-560°C, which were
achieved through self-heating by partial methane combustion,
the dimerization process could also be fuelled by low temperature
methane halogenation through photochemical, electrochemical
or even mechanochemical means, where a chlorine-rich substrate
is milled in the presence of methane to selectively generate methyl
chloride at temperatures below 150°C (Bilke, et al., 2019). Indeed,
this route has been recently demonstrated for an electrochemical
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methane-to-methanol conversion at 130°C and 46.5 bar CH, over
platinum which proceeds via a methyl chloride intermediate in a
similar fashion (Kim and Surendranath, 2019).

HYDROGEN SOURCES

In order for these synthetic routes to be truly carbon neutral,
the hydrogen sources also need to be derived from non-fossil
sources. These sources include thermochemical water
decomposition (Mehrpooya and Habibi, 2020), water
electrolysis and biomass gasification (Badwal et al., 2014) as
shown in Figure 7. As mentioned earlier, any energy required
in the production of hydrogen and the synthesis of the DME
must also be derived from non-fossil, renewable energy
sources. The synthesis of DME from CO, requires the
addition of hydrogen, as six hydrogen molecules are
required for every two molecules of CO, to produce one
molecule of DME. The highest heating value for H, is
142 MJ/kg (Chen et al., 2011), which compares well with
other known fuels and is why it is seen as not only a
feedstock for making other synthetic fuels but as a potential
fuel itself.

As mentioned previously, in order to ensure that the DME
produced is carbon neutral the source of the hydrogen and any
electricity/heat energy used in the production must come from
renewable sources (Kothari et al, 2008). This means that
conventional hydrogen production from heavy hydrocarbons,
coal gasification and fossil natural gas steam reforming cannot be
considered, as CO, is the largest emission from the process
(Kothari et al., 2004). With only 5% of hydrogen currently
being produced by sources other than natural gas and coal
(IRENA, 2019) and the leading practice being electrolysis of
water, which is also the most energy consuming route
(Holladay et al., 2009), it is necessary to look at other methods
such as producing hydrogen from biomass and to compare their
efficiencies.

It can be seen that water is always crucial for hydrogen
generation, however, in many of these cases a very high purity
of water is required for good conversion yields (Gandia, et al,
2013). Since globally clean water is an ‘under-pressure resource’,
especially in arid areas which also contain solar primary energy
resources (Saleth and Dinar, 2004), the location and distribution
of any putative large scale sustainable hydrogen production
requires serious consideration.

Hydrogen From Water

Water splitting or cracking to produce hydrogen is completed
through three predominant methods; electrolysis, thermolysis
and photo-electrolysis. The simple base principle is water is
divided into its individual components; oxygen and
hydrogen—requiring either free energy or high temperatures
(Kothari et al., 2004). The basis of water electrolysis is the
movement of ions promoted by an external circuit through an
electrolyte to promote the splitting of water in an electrolysis cell
(electrolyser) (Eq. 20) (Bhandari et al., 2014). In the electrolyser,
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two electrodes are placed in the water thus facilitating the external
circuit and the formation of ions/electrons on either electrode:

(18)
(19)

Cathode : 2H,0 + 2¢ — H, + 20H"
Anode : 4OH™ — O, + 2H,0 + 4¢”

1
Overall : H,O + direct current electricity — H, + EOZ (20)

There are different types of electrolysis cells, such as polymeric
electrolyte membrane electrolysers, alkaline electrolysers and
solid oxide electrolysers among those in production and
development. Although similar in their goal they use slightly
different methods, catalysts and materials to try to formulate the
most efficient and cheapest process, whilst also achieving the
purity of hydrogen required. As low-temperature water
electrolysis can take advantage of relatively low space
requirements and exploiting the existing infrastructure for the
electricity and water use, it can rapidly be added to an existing
plant (FreedomCAR and Fuel Partnership, 2009). The downside
of water electrolysis is its efficiency of 60-80% (Shiva Kumar and
Himabindu, 2019) and the high capital cost due to catalyst/
membrane poisoning depending on the water source and the
low hydrogen evolution rate compared to the high energy
consumption, especially prevalent if sea water is used (Shi
et al., 2020). This means its economic compatibility is low.
The energetic efficiency (energy obtained from the hydrogen
fuel per unit of electrical energy required) is around 56-73%
(Turner et al., 2008). In 2008, the cost of producing sustainable
hydrogen to reach an equivalent fuel price to that of fossil-derived

hydrogen required access to electricity prices as low as $0.045-
$0.055 kWh™! (Turner et al., 2008), no transportation of energy
costs to be included, and the hydrogen being produced at a local
wind power site as the primary energy source.

Water electrolysis requires 47.99 kWh per kg H, (Martinez-
Rodriguez and Abanades, 2020). This is around four times higher
than the energy required to produce hydrogen through steam
reforming. Although research and development are leading to
more energy efficient electrolysers, this still proves a barrier to an
economically viable production method.

Thermolysis is the direct one-step method of decomposing
water into its constituent molecules governed by homogenous
kinetic mechanisms (da Silva Veras et al., 2017).

HZO+heat—>H2 +%Oz (21)
In order to achieve the thermal decomposition, t