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Executive Summary

This policy brief presents an analysis of two case studies: (1) the use of biogenic CO, from sugar-
to-ethanol fermentation in Brazil, and (2) the utilization of industrial exhaust gas from the steel
industry in China for bioethanol production. The findings include an assessment of mass and
energy balances integrated into a life cycle assessment to evaluate the environmental and
economic potential of bioethanol production from these sources as part of broader carbon
neutrality strategies.

The first case study evaluated the environmental and economic feasibility of bioenergy with
carbon capture, utilization, and storage (BECCUS) in sugarcane biorefineries. The findings
demonstrate that carbon storage technology can produce ethanol with negative CO, emissions
(-8.5 gCOze /MJ) even when not considering the CO; produced in biomass furnaces. Meanwhile,
the gas-to-bioethanol process (BECCU), which repurposes CO, from the sugar-to-ethanol
fermentation process, faces economic challenges due to the high energy requirements of
hydrogen production via water electrolysis. In terms of emissions, gas-to-bioethanol
fermentation offers a reduction in overall ethanol emissions but falls short of achieving negative
emissions (reduction from 25.4 gCO,e/MJ to 22.4 gCO,e/MJ with carbon utilization and 4.6
gC0,e/MJ with utilization and storage combined). This approach contributes to a more circular
carbon economy, enhancing the use of carbon captured by biomass. Additionally, for gas-to-
bioethanol to become economically feasible, alternative hydrogen sources like biomass
gasification should be explored in future research.

The second case study evaluated the costs and environmental benefits of using steelmaking
exhaust gas (basic oxygen furnace gas or Linz-Donawitz gas — LDG) to produce ethanol. This
gas stream contains CO,, CO, and H,, and can be used as feedstock in the gas-to-bioethanol
fermentation process. Two technology pathways were compared: an existing process, from
Beijing Shougang LanzaTech, in China, and an optimized process. Besides marginal
improvements, the key difference in the optimized process is that unreacted CO, is
electrochemically reduced to CO and recycled back into the gas-to-bioethanol fermentation
process, thus increasing the carbon utilization rate. Life cycle assessment shows a reduction in
carbon emissions from 3.95 tCO,eq/t (147.9 gCO2e/MJ) in the existing route to 1.46 tCO2eq/t
(54.7 gCO,e/MJ) in the optimized route. Despite the environmental benefits, the optimized
route faces significant challenges, particularly in terms of high energy consumption and the
associated costs of the CO, reduction process.

The challenges listed for the two case studies of this report underscore the need for continued
research and technological advancements to enhance the energy efficiency and economic
viability of ethanol production via industrial exhaust gas. To leverage these findings, we
recommend developing policies to support and optimize the CCU process, contributing to the
domestic security of energy supply and the circular economy while also setting a framework for
the utilization of CO/CO,-containing industrial waste gases in other energy-intensive sectors.
Additionally, we recommend the creation of incentives for BECCS in ethanol production,
particularly given the high purity of CO, from sugar-to-ethanol fermentation, which lowers CCS
costs associated with the capture process.
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Background

Greenhouse gas (GHG) emissions have been steadily increasing since the Industrial Revolution,
primarily due to the burning of fossil fuels for energy, transportation, and industrial processes.
This increase in emissions has led to a significant accumulation of GHG such as CO; in the
atmosphere: since 2010, CO; concentration in the atmosphere has been increasing about 2.4
ppm per year. This increase has led to an enhanced global warming effect, which has led to a
climate crisis with far-reaching consequences for the planet, including more frequent and
intense extreme weather events, rising sea levels, ocean acidification, and disruptions to
ecosystems and biodiversity. Addressing the problem of GHG emissions is a critical challenge
for policymakers worldwide, requiring a concerted effort to transition to a low-carbon economy
and implement effective mitigation strategies [1].

Brazil has been a world leader in the production and use of energy sources of low carbon
intensity. Ethanol production in Brazil was expected to reach 32.2 million m3. Brazilian
sugarcane ethanol and corn ethanol have global warming potential in the range of 20—-25
gC0O,e/MJ [2,3], a value that represents GHG savings of 70%—80% compared to regular gasoline.
This value is attained because of best management practices in crop production such as double
cropping with soybeans which reduces nitrogen fertilizer demand in the case of corn and the
use of biomass as fuel in the industrial process instead of fossil fuels [3]. Nevertheless, these
numbers can be further improved [4]. During ethanol production via sugar fermentation, a
significant amount of high-purity CO; is produced.

This CO, released during the fermentation of biomass corresponds to CO; that was once
sequestered from the atmosphere via photosynthesis by biomass crops, thus qualifying it as
biogenic CO, whose net effect on atmospheric concentrations can be considered zero (Figure
1). However, capturing these CO, emissions for additional applications will allow further
reducing the carbon footprint of conventional sugarcane and corn ethanol, which are already
very low. Nevertheless, a better analysis is needed to check the techno-economic feasibility
and the environmental benefits of this route for CO, utilization.
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Figure 1. CO, released during ethanol fermentation is carbon neutral. Ethanol production
via sugar fermentation releases CO,, but this CO, comes from sequestration of CO, from the
atmosphere via biomass photosynthesis. The CO, released during the fermentation of sugars
has high purity; it can be used in diverse applications or stored underground, with the potential
to lead to net negative CO, emissions in the production of ethanol from renewable resources.



Brazil has a biofuels policy framework in place called RenovaBio that rewards the avoided GHG
emissions of biofuels production under a certification audited scheme. Until September 2024,
146 million tonnes of CO.e have been avoided under the RenovaBio policy framework. Under
this framework, biofuel producers that produce biofuels with lower carbon footprint are
awarded more decarbonization credits (called “CBIO”, based on their name in Brazilian
Portuguese) that need to be purchased by fossil fuel and biofuel distributors [5]. Therefore,
following this logic, biofuel producers can be awarded more credits (and, therefore, additional
revenue) the more they reduce the carbon intensity of their biofuel. This creates a potential
opportunity for process development using the waste CO; produced during sugar fermentation
to ethanol.

China has announced it will peak carbon dioxide emissions by 2030 and achieve carbon
neutrality by 2060. To achieve this strategic goal, the Chinese government has put forward
specific task requirements for various regions and industries. Key industries such as coal,
electricity, steel, and chemical account for over 70% of China’s total GHG emissions, and they
are facing pressure to reduce these emissions. The industrial exhaust gas of these industries
contains various gases such as CO,, CO, and H; [6]. Research has shown that these three gases
can be used in gas fermentation to produce ethanol, thus being an interesting raw material for
biological ethanol production [7]. Nevertheless, it is currently unclear whether the production
of bioethanol from industrial exhaust gas has better GHG savings compared with the traditional
ethanol production pathways (such as corn ethanol or coal-based ethanol) in China.
Nevertheless, with the rise in demand for strategies to effectively capture, store, and utilize
CO,, policies might make this pathway more attractive.

The potential economic, environmental, and social benefits of the large-scale development of
industrial exhaust gas to produce bioethanol need to be defined for this pathway to potentially
contribute to carbon neutrality. Therefore, this policy brief analyzes two case studies of the
utilization of CO; in the gas-to-bioethanol fermentation route. The first case study focuses on
the utilization of biogenic CO, produced during sugar fermentation to ethanol, and the second
case study focuses on the utilization of industrial exhaust gas (fossil CO;, CO, and H,) from the
iron and steel industries in China. The study presents the results of mass and energy balances
of the processes integrated into an LCA model to study the sustainability of large-scale
development of bioethanol production from industrial exhaust gas.

Single Point Sources

Both case studies indicated in this policy brief focus on single point sources of CO, emissions.
Single point sources of CO, are identifiable discrete locations that emit substantial quantities
of GHG. These sources often represent large-scale industrial facilities or infrastructure
projects. Examples include power plants, particularly those fueled by fossil fuels like coal and
natural gas, cement factories, and steel mills. These facilities demand energy and employ high-
temperature processes that release significant amounts of CO, as a byproduct. Understanding
the contributions of these single point sources is crucial for developing effective mitigation
strategies and implementing policies that can reduce their overall carbon footprint.

Carbon Capture and Utilization in Single Point Sources

Single point sources of carbon dioxide represent a primary target for carbon capture and
utilization (CCU) technologies due to their concentrated and relatively stable emissions. The
high concentration of CO, at these sites makes it more efficient and cost-effective to capture



the gas compared to diffuse atmospheric emissions, which are the target of afforestation
projects and direct air capture technologies. Moreover, the large volumes of CO, emitted by
single point sources offer a substantial supply for various CCU applications, such as producing
synthetic fuels, chemicals, and building materials.

Additionally, reusing carbon from single point sources in chemical and biochemical processes
represents a great example of a circular economy because the carbon that otherwise would be
emitted to the atmosphere can be reused to create products that fit into the current supply
chain. By focusing on these sources, policymakers and industry can accelerate the development
and deployment of CCU technologies, contributing to efforts to mitigate climate change and
transition to a low-carbon economy.

Case Study 1: CO2 from Sugarcane Mills in Brazil

As shown in Figure 1, the reaction to produce ethanol via sugar fermentation releases CO2. This
biogenic CO, can be considered as a net zero emission given that plant biomass grows through
photosynthesis and carbon sequestration. This case study compares four scenarios of potential
applications for this waste CO; stream:

e 1G-BAU: business as usual, and sells 1G ethanol and electricity, no carbon capture
technology. This scenario is described by the green blocks shown in Figure 2.

e 1G+CCS: added carbon capture and storage of CO, produced during sugar fermentation.
This scenario is the combination of green and orange blocks shown in Figure 2.

e 1G+CCU: added carbon capture and utilization of CO, — utilization is limited by
electricity yield. This scenario corresponds to a combination of green blocks and the
blue blocks shown in Figure 2.

e 1G+CCUS: combined addition of carbon capture storage and utilization. This scenario
corresponds to a combination of green, blue, and orange blocks shown in Figure 2.
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Figure 2. Alternatives for CO, from sugarcane juice fermentation. Block flow diagram of the
processes composing the biorefinery scenarios considered in this work. Blocks in green are
regular processes occurring in sugarcane mills; blocks in blue are those required for waste CO,
fermentation; and carbon capture and storage are represented by the orange block.

The scenarios described in this case study have been simulated based on literature data related
to state-of-the-art sugarcane biorefineries [8] and process data of recent studies related to



gas-to-bioethanol fermentation processes [7,9,10]. The processes were simulated in Aspen Plus
14.0. Economic parameters used in the cash flow analysis assumed the analysis of the process
in December 2023 (references for economic indexes to estimate capital cost and prices of
feedstock and products). In the case of prices, a weighted average considering the last 60
months was assumed. The project was assumed to last 25 years, with linear depreciation in the
first 10 years. Brazilian tax law was assumed. Results of mass and energy balance were used in
a life cycle assessment of the biorefinery using the software openLCA and data available in the
Ecoinvent database 3.8. Life cycle assessment considered the emissions related to 1 MJ of
ethanol during its entire life cycle, from the production of sugarcane to the use of ethanol as
an energy source (assuming the lower heating value of ethanol as biofuel).

COST ANALYSIS OF CASE STUDY 1

Table 1 presents the results for a processing capacity of 5.0 million tonnes of sugarcane per
year. To calculate equipment size and determine the capital investment of this biorefinery, an
operating year of 225 days was assumed based on the current length of the harvest season with
modern agriculture practices in Brazil. This processing capacity, despite being greater than the
average of sugarcane mills in Brazil, reflects the size of larger projects launched in Brazil in
the last decades. Currently, in Brazil, 23 mills have capacity equal to or higher than 5 million
tonnes of sugarcane per year, with the highest capacity being 10.5 million tonnes per year. This
increase in capacity impacts both capital and operational expenditures of biofuel production,
and this is key to increasing the feasibility of disruptive biofuel technologies.

Table 1. Capacities of scenarios simulated in case study 1.

Scenarios 1G-BAU 1G+CCS 1G+CCU 1G+CCUS

Sugarcane processing capacity (Mt/y) 5.0 5.0 5.0 5.0
Ethanol 1G production capacity (kt/y) 339.0 339.0 339.0 339.0
Advanced ethanol production capacity (kt/y) 0 0 57.3 55.7
Electricity surplus to grid (GWh/y) 894.3 853.7 0 0
CO; stored underground (kt/y) 0 342.5 0 219.3

CBIO issued (1000 units/y) 559.7 869.6 679.6 872.8



Table 1 reports the amount of CBIO units that can be issued in each scenario. The CBIO is the
decarbonization credit established by the RenovaBio program, which is the Brazilian biofuel
policy to incentivize biofuel production in the country. Each CBIO unit is equivalent to avoiding
1 tonne of CO,e emissions, and it is calculated from the difference between the reference
global warming potential of gasoline (87.4 gCO,e/MJ) and the estimated global warming
potential of ethanol, which will be discussed in the next section. In 2023 (the reference year
for the economic calculations of this report), the CBIO price was R$114.01 (5$23.56 using
December 2023 conversion rate between the Brazilian Real and the United States Dollar). Table
2 provides the results of the economic analysis of the four scenarios of case study 1.

Table 2. Results of the economic analysis of scenarios of case study 1. Values in USD.

Capital expenditure (mi $) 609.0 633.6 721.5 734.4
Yearly net revenue (mi $) 315.2 320.6 320.3 323.6
Yearly costs (mi $) 158.7 159.7 165.0 165.4
Net present value (mi $) 308.2 310.8 210.6 215.1
Internal rate of return (-) 15.20% 15.05% 13.11% 13.12%

For each gram of glucose, sugar-to-bioethanol fermentation can produce up to 0.51 g of
ethanol; the rest of the atoms are released as biogenic CO, or used to grow yeast. When
considering atom economy, for every three atoms available in sugars, two are recovered as
ethanol and one is released as biogenic CO,. The gas-to-bioethanol fermentation, carried out
by bacteria of the species Clostridium autoethanogenum, represents an alternative to
increasing the ethanol yield from sugar, increasing atom efficiency.

However, when designing the scenarios included in this study, the amount of source of reducing
power for the bacteria, H,, was limited to the electricity yield of the biorefinery. Consequently,
not all CO; available could be utilized in gas-to-bioethanol fermentation in scenarios 1G+CCU
and 1G+CCUS. Therefore, despite the great potential to increase ethanol yield, it grew by only
16.9% in scenario 1G+CCU and 16.4% in scenario 1G+CCUS — yield in the scenario that includes
capture decreases because of power demand in the compression of CO; not consumed in the
process.

The analysis of the scenarios that add the gas-to-bioethanol route to a conventional sugarcane



ethanol plant shows that this process reduces the overall economic performance of the project,
representing the scenarios with the worst internal rate of return. This can be attributed to the
expenses related to water electrolysis, which is still deemed an expensive technology for
hydrogen production. Moreover, equipment investment for the gas-to-ethanol process is
expensive: because of the low productivity rate of the process, large equipment is required,
therefore substantially increasing (+21%) the capital expenditure of building this kind of
project, as shown in Table 2. Therefore, exchanging the revenue from electricity for the
additional revenue from ethanol produced in this route does not add value to products. Changes
in gas-to-bioethanol fermentation performance could alleviate this problem, but the key aspect
is that hydrogen produced in this technology is too expensive. Alternative designs, such as
biomass gasification, could change this figure.

LIFE CYCLE ASSESSMENT OF CASE STUDY 1

Life cycle assessment assumed economic allocation of GHG emissions among products, and it
assumed the same allocation for conventional ethanol (sugar-to-bioethanol fermentation) and
advanced bioethanol (gas-to-bioethanol fermentation) since we assumed no differences in
selling price or premium. Emissions were calculated using the Ecoinvent database and the
software openLCA, and results are available in Table 3. Reductions achieved by storing or
utilizing CO; are shared equally among all products. Different views could be suggested, such
as keeping the emissions of conventional ethanol constant when comparing scenarios utilizing
CO, to the business-as-usual scenario, which would allocate all reductions to the ethanol
produced via the gas-to-bioethanol route. Also, because of the RenovaBio program, emissions
were accounted for in the final product, ethanol. If other carbon credit mechanisms were to
pay more for stored biogenic CO,, the accounting of the CO;, should be adjusted to avoid double
counting. It should be noted that biogenic CO, storage is an effectively negative flow of CO;
from the atmosphere to underground deposits instead of a mere reduction/avoided emission as
in the case of renewable fuels of non-biological origin (RFNBO).

Table 3. Results of life cycle assessment of scenarios of case study 1.

Global warming potential (gCO,e/MJ) 25.4 -8.5 22.4 4.6

Life cycle assessment showed that the increased productivity of ethanol per ton of sugarcane
fed to the process that could be achieved via the gas-to-bioethanol fermentation reduced the
global warming potential of ethanol from 25.4 gCO,e /MJ to 22.4 gCO,e /MJ. Since no effective
carbon capture is employed in the 1G+CCU scenario, the reduction comes from an increase in
product yield. On the other hand, scenarios that employed carbon capture led to substantial
reductions. In the case of 1G+CCS, where all CO, produced during sugar-to-bioethanol
fermentation was stored, negative CO, emissions were achieved: -8.5 gCO,e /MJ. The scenario



that includes gas-to-bioethanol fermentation as a utilization strategy and carbon capture
reduces the global warming potential of ethanol of the biorefinery to 4.6 gCO,e/MJ.

CHALLENGES OF CASE STUDY 1

Adding the gas-to-bioethanol process to a conventional sugarcane biorefinery comes with many
challenges. Regarding the fermentation technology, it is important to clarify that this
fermentation technology faces natural challenges. The bacteria used in this process feed on
C0O,, CO, and H,, and these gases have low solubility in fermentation media in the adequate
conditions for these bacteria to thrive. Higher gas solubility could be achieved in lower
temperatures, but it would still be too low, and the low temperature would compromise
enzyme activity and bacteria viability — unless other microorganisms are selected. This
fermentation technology is currently being developed by LanzaTech in China, but no
deployment is foreseen in Brazil.

Results indicate that using electricity to produce hydrogen for this application is not a suitable
strategy because it reduces the internal rate of return of the biorefinery. Additionally, the total
hydrogen that can be produced from all available electricity produced in the cogeneration
system using biomass as fuel is enough to consume only 37% of the CO, produced during sugar-
to-ethanol fermentation. Therefore, this strategy results in a process of low ethanol production
capacity.

Alternatively, hydrogen could be produced via biomass gasification, with the potential to
produce more hydrogen. Biomass gasification can be used to produce syngas, which is a gas
mixture containing CO and H,. Regarding the gas-to-bioethanol fermentation process, the
syngas alternative represents an improvement because the bacteria prefer to use CO instead
of CO2 [10]. The gasification process also releases heat that can be used to produce steam and
electricity, fundamental for the biorefinery. This alternative is being considered in further
developments of this case study that will be investigated by the authors of this report at the
University of Campinas. Electrofermentation could be considered as well, but it depends on
better technology development [11].

As shown in Table 3, the use or storage of biogenic CO; reduces the global warming potential
of the ethanol produced in the biorefinery. The RenovaBio program, Brazil’s biofuel policy,
awards biofuel producers with decarbonization credits (called CBIO) that are proportional to
the avoided CO; emissions compared to regular gasoline, which is assumed to have a global
warming potential of 87.4 gCO,e/MJ. These decarbonization credits are negotiated in the stock
exchange market to fuel distributors who need to reach targets of avoided emissions assigned
by the government to fulfill Brazil’s targets in the Paris Agreement. Therefore, since the carbon
stored or utilized was accounted towards the calculation of the global warming potential of
ethanol, it cannot be included in other carbon credit mechanisms to avoid double counting. Of
course, if other carbon credit mechanisms pay a better price for the stored biogenic CO,, the
reductions due to storage should not count towards the calculation of the global warming
potential of ethanol, and they should be treated separately. For comparison, a CBIO was valued
at $23.56 per tonne of avoided CO,e emissions.

The company FS, an owner of corn ethanol mills in Brazil, is investing R$460 million to
implement carbon capture and storage in one of its mills. Operation of the carbon capture and
storage process will commence in 2026. The biorefinery will produce ethanol with negative
emissions, as exemplified in the case 1G+CCS of this report. Corn ethanol in Brazil has a low
global warming potential, in the same order as the global warming potential of sugarcane



ethanol. The impact is low mainly for two reasons: the ethanol mill uses forestry biomass (wood
chips and residues) instead of fossil fuels as the energy source for the industrial processes and
the feedstock is second-crop corn, produced in the same plot of land as soybean. This
association of corn and soybean (both grown in the same plot of land in the same year) reduces
the requirement of nitrogen fertilizers for corn. Introducing carbon storage to this process is a
consequence of the RenovaBio program, which rewards producers not only based on production
volume but also on the potential avoided emissions for a given volume.

The electricity produced by the biorefinery is 100% derived from biomass; therefore, it is
renewable. Consequently, when thinking of system expansion, the use of renewable electricity
to produce hydrogen in scenarios including gas-to-bioethanol fermentation means a decrease
of renewable electricity from biomass available to be sold to the grid, and other options would
be needed to cover demand. However, given the current scenario in Brazil, redirecting this
renewable electricity to chemical and biochemical processes would not jeopardize efforts for
decarbonization in Brazil. Fossil fuels in thermoelectric power plants represented only 4 to 6%
of the electricity produced in the last three years in the national grid controlled by the ONS (a
nonprofit organization that operates the Brazilian national grid). The Brazilian grid is also very
dependent on hydroelectric power plants, with most of them including seasonal storage and
being capable of load-following duty. Therefore, because of the high energy storage capacity
of the Brazilian grid, the country can deal with the intermittency of solar and wind power,
electricity sources cheaper than fossil electricity from coal and natural gas.

CONCLUSIONS OF CASE STUDY 1

e Bioenergy coupled with carbon capture, utilization, and storage (BECCUS) has the
potential to produce ethanol with negative CO, emissions. The resulting emission factor is
small because it only considers the CO; produced during sugar-to-bioethanol fermentation.

e Gas-to-bioethanol using waste CO, produced during sugar-to-bioethanol fermentation is
not economically attractive because of the electricity consumed to produce the H;
required in the gas-to-ethanol fermentation process. This result indicates the low
potential of the routes of alternative fuels that rely on water electrolysis as the hydrogen
source.

e Gas-to-bioethanol has the potential to decrease overall emissions of ethanol produced in
sugarcane biorefineries. However, as the emissions are used to produce biofuel that will
be burned, it represents only a decrease, and no negative emissions can be achieved.
However, this strategy contributes to a circular economy regarding carbon because it gives
a better use to all carbon that is sequestered by biomass crops.

RECOMMENDATIONS OF CASE STUDY 1

e The development of sugarcane biorefineries that focus on giving a destination to the CO,
from sugar-to-ethanol fermentation has the potential to decrease the emissions of
ethanol, especially in the case of carbon capture and storage. The CO, stream produced
in the sugar-to-bioethanol fermentation process has high purity, which significantly
decreases CCS costs. Therefore, policies should be created to incentivize BECCS in ethanol
production.

e Gas-to-bioethanol fermentation using biogenic CO, has the potential to produce ethanol
with low global warming potential. However, hydrogen of lower cost needs to be deployed
to make the process economically viable. Hydrogen sources other than water electrolysis,
such as biomass gasification, need to be assessed in future works to determine if this
process can become more economically attractive.
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Case Study 2: CO; from Steelmaking in China

As shown in the following sections, the reaction to produce ethanol via industrial exhaust gas
fermentation still potentially releases CO; because of limitations in conversion. Conversion of
gas from steelmaking industry gas (basic oxygen furnace gas or Linz-Donawitz gas — LDG — from
the name of the chemical process) into ethanol was demonstrated to be a promising route for
value-added utilization of industrial exhaust gas. This case study compares two scenarios of
potential applications for the upcycling of the CO; produced in the steelmaking industry.

Pathway 1: Existing Route (Shougang LanzaTech)

This pathway is represented by the technology presented by the Beijing Shougang LanzaTech
Technology Co., Ltd., in China. The technology route for the conversion of gas from the
steelmaking industry into ethanol [6] is illustrated in Figure 3, and it is composed of the
following steps:

e Pretreatment unit: the exhaust gas from the steelmaking industry is pretreated to
remove dust, oil, naphthalene, and sulfur compounds, which have an adverse impact
on the biological fermentation process.

e Fermentation unit: after pressurization, the purified exhaust gas from the steelmaking
industry is fed into the fermentation unit; gases are biologically transformed into
ethanol, and the remaining fermented waste gas (CO;) is emitted.

e Distillation unit: the fermentation liquid is separated into the crude ethanol solution
and cells that are produced during fermentation; after distillation and dehydration, the
anhydrous ethanol product is obtained from the solution, with a small amount of
butanol as a co-product.

e Cell Separation unit: for the crude cells produced during the fermentation of exhaust
gases, after high-temperature drying, high-value protein extract is obtained.

e Wastewater treatment unit: wastewater from distillation and drying is treated and
recycled into the fermentation and cooling systems.

co,

waste gas steam
treatment
A

industrial

ethanol
exhaust gas

fermentation distillation

pretreament

+ i

vy _ ¥V
biogas wastewater cell protein
treatment separation extract

Figure 3. Process flow diagram of ethanol production from exhaust gas of the steel industry.

Pathway 2: Optimized Route

e In this pathway, the main component of fermentation exhaust gas, CO,, is
electrochemically reduced to CO, and the mixed off-gas (mainly CO,) of the fermenter
is returned to the pretreatment unit and passes through the fermenter.

e The advantage of this pathway is the high CO; recycling rate, which reduces CO,
emissions.
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Figure 4. Optimized variation of the process described in Figure 3.

COST ANALYSIS OF CASE STUDY 2

The total cost of the production system includes capital and operational expenditures. Capital
expenditure refers to the cost of plant construction, equipment purchase, and installation.
Operational expenditure includes the cost of raw materials, water consumption, electricity
consumption, and other power and fuel costs for plant operation, equipment maintenance,
equipment depreciation, and other costs.

Table 4. Unit production total cost and proportion of Case Study 2.

Value

Pretreatment Unit
' (RMB/t)

Cost of raw materials and auxiliary 7710 47.22%
materials
Unit variable
o cost
E Power and fuel costs 8009 49.06%
1]
9]
=]
3
= Maintenance costs 108 0.66%
2
5
=
o D iati t 361 2.21%
© Fixed costs epreciation costs b

Wages and benefits 138 0.85%



The primary output of this project is denatured ethanol fuel, while protein extract is produced
as a by-product. The pricing of the primary product is determined by the 2024 passenger car
fuel price and a conversion factor from the "Notice of the General Office of the National
Development and Reform Commission on Adjusting the Settlement Price of Denatured Fuel
Ethanol" (Energy [2011] No. 316) [12]. Accordingly, the price for denatured ethanol fuel is set
at 9668.75 RMB/t. The by-product, protein feed, is priced at 2685.5 RMB/t based on the 2024
quotation from the China Chemical Network. The production process yields 33.52 kg of protein
extract per t of denatured ethanol fuel produced. Consequently, the revenue generated from
by-products per unit of production is 90.01 RMB/t. The total unit sales revenue, including both
the primary and by-product, is 9758.76 RMB/t.

Based on the production cost analysis, energy fuel costs constitute a significant portion of the
overall cost of producing ethanol from industrial exhaust gas, amounting to 8009.41 RMB/t and
representing 49.6% of the total cost. These costs are primarily concentrated in the CO,
reduction process, which accounts for approximately 88% of total energy fuel costs, far
surpassing the combined energy costs of other production stages. Raw materials and auxiliary
materials constitute the second-largest component of unit production cost, representing
approximately 47.22%, with a unit cost of 7709.58 RMB/t. Approximately half of this cost is
concentrated in the distillation and dehydration unit, with the remaining cost almost evenly
divided between raw exhaust gas pretreatment and anaerobic fermentation. These two
processes each account for approximately 24%-25% of the total raw and auxiliary material costs.
Other expenses, such as equipment maintenance, depreciation, and employee wages and
benefits, represent about 4% of the total unit production cost.

LIFE CYCLE ASSESSMENT OF CASE STUDY 2

This study conducted a life cycle carbon footprint analysis on both pathways to identify the
optimal pathway. The “cradle-to-gate” system boundaries are proposed, covering the raw
materials exploitation, intermediate upstream, and ethanol production process. To compare
the ethanol production routes, the functional unit of the system was defined as the production
of 1 t of denatured ethanol fuel. The inventory data of pathway 1 was extracted from the
literature [6], and the data of pathway 2 was obtained from the experimental data of Qingdao
Bioenergy and Process Research, from the Chinese Academy of Sciences.

The assessment showed that the life cycle carbon emissions of the existing technology pathway
and the optimized technology pathway are 3.95 tCO,e/t and 1.46 tCO,e/t, respectively. This is
equal to 147.9 gC0O,e/MJ and 54.7 gCO,e/MJ, respectively. The main reason for the large
difference between the carbon emissions of the raw gas pretreatment unit and waste gas
treatment unit is that the total volume of raw gas is large and the volume of CO, gas in raw gas
is large, so the emission reduction is large. The carbon emission difference between the two
technology pathways for the fermentation unit is about 20%, mainly because the power
consumption and NH; consumption of the optimized pathway are higher than that of the existing
technical route. The reason for the large difference in carbon emissions of protein units is that
the mass of bacteria produced in the fermentation stage of the optimized technology pathway
is 1/4 of the existing technology pathway, and the power consumption and material
consumption are lower than the existing technology pathway, so the total carbon emissions are
reduced. The CO; reduction process of the optimized technology pathway has significant
emissions due to power consumption. The flow rates of the wastewater and waste gas
treatment processes of the existing technology pathway are much larger than the optimized

13



technology pathway, mainly because of CO; reduction to CO for fermentation. Consequently,
less CO; is directly discharged to the environment, so the carbon emission of the optimized

technology pathway in this process is low.

Table 5. Life cycle carbon emissions (in tCO,e/tethanot and gCO%€/MJethanot) Of Case Study 2.

Existing pathway

Scenarios

tcoZe/tethanol

Pretreatment unit -0.56
Ethanol production unit 0.78
Cell separation unit 0.20

CO; reduction to CO —

Off-gas and wastewater treatment 3.54

Total 3.95

CHALLENGES OF CASE STUDY 2

gCOZe/MJethanol

-21.0

29.2

7.5

132.6

147.9

Optimized pathway

tcoZe/tethanol

-1.52

0.93

0.08

1.86

0.10

1.46

gcoze/MJethanol

-56.9

34.8

3.0

69.7

3.7

54.7

It is believed that these results could provide guidelines for future planning and strategies for
the ethanol industry and may be inspiring to help energy-intensive industries (such as iron and
steel, metallurgy, coal chemical industry, phosphorus chemical industry, etc) to seek new
technologies for utilization of CO/CO;-containing waste gases.

The production of ethanol from the industrial exhaust gas of the steel industry can be classified
as a strategy for upcycling CO, emissions. In this case, if the carbon used in steelmaking comes
from coal, the carbon source is non-renewable. However, the production of ethanol via this
route creates a means of reutilization of carbon that otherwise would be emitted to the
atmosphere; thus, this carbon repurposed as ethanol can be used as fuel in blends with gasoline,
thus displacing fossil fuel demand. Furthermore, ethanol is a key sector supported by strategic
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emerging industries. In the revised "Industrial Structure Adjustment Guidance Catalog (2024
Edition),” [13] led by the National Development and Reform Commission, ethanol is classified
as an encouraged industry. In China, the ethanol produced via this gas-to-ethanol fermentation
route can be blended with gasoline as “bioethanol” since microbial fermentation consumes a
CO-rich gas that otherwise would be further oxidized to CO; to be released into the atmosphere.
Therefore, this route to ethanol represents a more efficient method to reuse carbon that
otherwise would be released into the atmosphere since it captures and utilizes carbon from a
point source. It is also a crucial mechanism for diversification of international supply,
optimization of energy structures, promotion of carbon recycling, and increase of security of

energy supply.

Despite support from national policies and the availability of water sources and power
distribution networks, the high energy consumption, extensive use of microbial strains and
nutrients, and significant initial investment contribute to the elevated cost of ethanol
production from industrial exhaust gas. These factors are key challenges that must be addressed
to enable the large-scale development of this technology for bioethanol production.

CONCLUSIONS OF CASE STUDY 2

The comparative analysis of two ethanol production routes from industrial exhaust gases
demonstrates the potential of the optimized route for significant reductions in carbon emissions
and improved sustainability. The upcycling of CO; in the optimized technology pathway not
only minimizes direct emissions but also maximizes the value-added utilization of exhaust gases
from steelmaking. Despite the environmental benefits, the optimized route faces significant
challenges, particularly in terms of high energy consumption and the associated costs of the
CO; reduction process. These challenges underscore the need for continued research and
technological advancements to enhance the energy efficiency and economic viability of ethanol
production via industrial exhaust gas. With proper optimization, the optimized route could
serve as a cornerstone for green energy development, contributing to energy security and the
circular economy, while also setting a precedent for the utilization of CO/CO;-containing
industrial exhaust gases from other energy-intensive sectors.

RECOMMENDATIONS OF CASE STUDY 2

The case study highlights two distinct pathways for producing ethanol from steel industry
exhaust gas: the existing route implemented by Shougang LanzaTech and an optimized route
with CO; upcycling. The comparison underscores the significant environmental and economic
advantages of the optimized technology. By recycling CO, through electrochemical reduction
and reusing it in the ethanol production process, the optimized route drastically reduces direct
CO; emissions, offering a more sustainable solution to industrial waste gas management.
Specifically, the life cycle assessment shows a reduction in carbon emissions from 3.95
tCO2eq/t (147.9 gCO2e/MJ) in the existing route to 1.46 tCO2eq/t (54.7 gCO2e/MJ) in the
optimized route. This reduction is largely due to the enhanced carbon utilization and improved
process efficiencies. However, the optimized route presents techno-economic challenges,
particularly in terms of higher energy consumption and costs associated with the
electrochemical CO; reduction process, which introduces additional power and material
demands. These challenges must be addressed through technological improvements and cost
reductions to make large-scale implementation economically viable.

Furthermore, the optimized route's reliance on CO, recycling offers a promising method for
enhancing the environmental benefits of ethanol production. However, the economic feasibility
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of this approach depends on further reductions in energy consumption and investment costs,
particularly in scaling the CO; reduction process. The higher energy and NH; consumption in
the fermentation process also need to be addressed to enhance the overall carbon and energy
efficiency of the optimized route. Future research and development should focus on optimizing
energy use and enhancing the efficiency of the CO; reduction process to fully unlock the
environmental and economic potential of this technology.

Concluding Remarks

This report brings two case studies of gas-to-ethanol fermentation processes: case 1, which
evaluated the potential utilization of biogenic CO,, and case 2, which evaluated the potential
utilization of non-biogenic CO,. Despite these differences in carbon sources, the combination
of both case studies gives a perspective of future developments in carbon utilization processes.

The carbon utilization option suggested in case study 1 is a concept idea based on research
activities with a low technology readiness level (TRL). The results demonstrated that the
technology can indeed be used to produce ethanol with a lower carbon footprint compared to
conventional sugarcane ethanol, but the economic feasibility of the process is unattractive
compared to the conventional sugarcane process and the technical feasibility is still to be
further investigated in future projects. Additionally, a scenario including carbon capture and
storage demonstrated the potential of producing biofuels with negative carbon emissions,
which is very desirable considering net-zero goals.

On the other hand, case study 2 brings results of a process that is being operated in an existing
chemical plant, with a high TRL, and compares it to an optimized technology pathway under
analysis to decrease the emissions of ethanol produced via gas-to-ethanol fermentation. The
optimized scenario of case study 2 demonstrated that substantial improvements can be made
to the process to decrease the carbon footprint of the final product. Nevertheless, it still
demands further technological development for the electrochemical reduction of CO, to CO.

Despite case study 2 not representing an option of biofuel based on renewable carbon, it stands
out as a reference case for future studies because it demonstrates the technical feasibility of
the gas-to-ethanol fermentation process. Moreover, it represents an alternative to displace
demand for fossil gasoline and reutilize carbon emissions that otherwise would directly be
emitted to the environment.
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