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Negative emission technologies have recently received increasing attention due to climate change and global warming. One among them is bioenergy with carbon capture and storage (BECCS), but the capture process is very energy intensive. Here, a novel pathway is introduced, based on second-generation biofuels followed by carbon circulation in an indefinitely closed chain, effectively resulting in a sink. Instead of using an energy-intensive conventional CCS process, the application of an on-board solid oxide fuel cell (SOFC) running on biofuels in an electric vehicle (FCEV) could result in negative emissions by capturing a concentrated stream of CO2, which is readily stored in a second tank. A CO2 recovery system at the fuel station then takes the CO2 from the tank to be transported to storage locations or to be used for local applications such as CO2-based concrete curing and synthesis of e-fuels. Incorporating CO2 utilization technologies into the FCEVs-SOFC system can close the carbon loop, achieving carbon neutrality through feeding the CO2 in a reverse-logistic to a methanol plant. The methanol produced is also used in SOFCs, leading to an infinite repetition of this carbon cycle till a saturation stage is reached. It is determined this pathway will reach typical Cradle-to-Grave negative emissions of 0.515 ton CO2 per vehicle, and total negative CO2 emission of 138 Mt for all passenger cars in the EU is potentially achievable. All steps comprise known technologies with medium to high technology readiness level (TRL) levels, so principally this system can readily be applied in the mid-term.
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INTRODUCTION

There is a concern that global CO2 emission reductions will not meet targets. Measures in the field of energy efficiency, bio-based fuels, material recycling, and decarbonization may not be sufficient to reach the 1.5–2 °C targets set for global warming. Thus, additional measures need to be taken to mitigate this. Negative emission technologies (NETs) have so far been thought of as attractive and promising ways to reduce greenhouse gas (GHG) emissions. To date, various technologies have been applied for achieving negative emissions. One of the important negative emission pathways is bioenergy carbon capture and storage (BECCS). This route comprises power generation combusting biomass into energy or biomass digestion into biogas. The output, which is a dilute CO2-containing gas, requires separation by means of a CCS process, which in general comprises an amine solvent process requiring a significant amount of energy. After purification and compression, the captured CO2 is then stored subsurface (Cuccia et al., 2018). In addition to traditional amine-based CO2 capture, there are numerous CO2 capture technologies being developed in order to reduce the energy penalty accompanying the CCS process. For example, one of the options is the direct capture of CO2 from air (DAC) followed by CO2 storage; subsurface or using mineralization. However, because of low ppm CO2 levels in the air the energy efficiency is not yet high enough to bring the cost to a competitive level (Fasihi et al., 2019). CO2 mineralization is another interesting option. The attractive point of CO2 mineralization is the lack of any energy input requirement (being an exothermal reaction), but it is at an early stage of development (Kainiemi et al., 2015). The routes above are either limited by the supply of biomass to be used for energy or the high cost of CCS.

For the foregoing reasons, we propose a new route for negative emissions for transportation and distributed power applications with less of the above limitations, by using fuel cell technologies. Among a range of fuel cell types, using solid oxide fuel cells (SOFCs) for power generation and simultaneously CO2 capture is a prospective and attractive approach. SOFCs are low-emission, modular, fuel-flexible, and high electrical efficiency devices with the capability of converting diverse fuels into heat and power (Thattai et al., 2017). In the SOFC unit, the electrochemical fuel oxidation involves the automatic separation of nitrogen from oxygen, and the anode output is passed through an oxy-fuel combustion system in which the unused fuel (since fuel utilization is not 100% in SOFCs) is burned with pure oxygen (with the oxygen taken from a separate tank, and possibly coming from electrolysers), thereby producing a CO2-enriched gas. In this way, very high-purity CO2 can easily be separated by condensing water vapor (Thattai et al., 2017; Slater et al., 2019).



PROPOSED TECHNOLOGY FOR NEGATIVE EMISSIONS


Bio-Carbon Circularity in Automotive and Distributed Power

The energy density of liquid fuels is superior to that of electric vehicle (EV) battery storage (Ong et al., 2017). Liquid fuels offer ultra-fast “charging” of vehicles at a conventional fuel station in the order of 10 MWchem. But EVs pose a solution for local and global emissions of carbon, fine particulate matter, and NOx. Combining the strong features of both principles would result in a powerful alternative for both low-carbon and clean transportation. It has been known that fuel cell-powered electric vehicles (FCEVs) offer such combined features (Fernandes et al., 2016). Hydrogen FCEVs offer some of the above advantages, but the distribution and fuelling of liquid fuels are more attractive and use current and inexpensive fuel infrastructure with little losses. Moreover, the current efforts to introduce new second-generation biofuels would already stagnate after 2030, with the planned exit of vehicles with combustion engines. Unlike polymer electrolyte membrane fuel cells (PEMFCs), SOFCs can directly use hydrocarbons and do not rely exclusively on purified hydrogen. The combination of biofuels with SOFCs ensures efficient and low-emission use of these biofuels, also after 2030. Nissan is a front-runner in the use of bioethanol-fed SOFC in FCEVs (Nissan Motor Corporation [NMC], 2021). The existing cradle-to-grave carbon footprint can be described with the following pathways:


(1)Fossil fuels in an internal combustion engine (ICE) or SOFC fuel cell (Figure 1A, pathway1): Fossil carbon is extracted as oil and natural gas, refined into a fossil fuel, distributed, and finally used, emitting CO2 in all steps. Being more efficient, an SOFC results in lower carbon emissions during use. In this aspect, an integration of ICE with a temperature swing adsorption (TSA) for on-board CCS in the transportation sector has been proposed (Sharma and Maréchal, 2019), where it was reported that 90% of the CO2 emitted from combustion of on-board fuels can be captured without any energy penalty. Such a system is adequately applied for train and ship transports (Sharma and Maréchal, 2019).

(2)Biofuel in an internal combustion engine (ICE) or SOFC fuel cell (Figure 1B, pathway 2): Carbon is extracted from air by biomass, refined, distributed, and used in an ICE or SOFC. Being more efficient, an SOFC results in lower carbon emissions during use. Although CO2 is emitted in the last three steps, this is mitigated by the fixation in the first step, resulting in an emission reduction compared to fossil fuel consumption (pathway 1). To achieve negative emissions or carbon circularity in the use of transportation fuels, we postulate the following solutions. While concentrated CO2 is emitted at the anode output of the SOFC, this can readily be recovered after condensation of the water vapor and stored in an on-board pressurized tank. While the vehicle is being refueled with biofuels, the CO2 is returned to a pressurized tank at the filling station. The CO2 then needs to be stored somewhere to achieve negative emissions.
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FIGURE 1. The various pathways of the transportation and distributed power system. (A) Pathway 1—fossil carbon. (B) Pathway 2—biofuels. (C) Pathway 3—bioethanol.




Incorporating CO2 Utilization Into the FCEVs-SOFC for Negative Emissions

The principle of negative emissions is shown in the following pathway:


(3)Biofuels in an SOFC with carbon recycle (Figure 1C, pathway 3): Carbon is extracted from air by biomass, refined, distributed, and used in an SOFC. Now, the carbon is not emitted, but separated, compressed, returned to a methanol plant, converted into methanol-based fuel, and redistributed for use in the SOFC with an infinite repetition of this carbon cycle. Here, an e-fuel like methanol or dimethyl ether (DME) is synthesized using renewable hydrogen from an electrolyzer powered by wind or solar energy. This produced e-fuel contains carbon from a biogenic origin from the bioethanol and it can then be used as a fuel in FCEVs with SOFC. The overall concept of a negative emission system is depicted in Figure 1C including the following steps: (1) uptake of CO2 from the atmosphere by lignocellulosic biomass; (2) conversion of lignocellulosic biomass into bioethanol; (3) power generation in on-board SOFC charging FCEV batteries; (4) recovery of CO2 for return to a methanol plant; (5) hydrogen electrolysis fed by renewable power sources; and (6) conversion of returned CO2 into methanol using renewable hydrogen. This cycle (steps 3–6) can be repeated infinitely, resulting in an artificial sink for CO2 within the cars, methanol plant, and associated components.



Here, a cradle-to-grave system boundary is taken into account to address the total GHG emissions of the proposed system. Each liter of ethanol is equivalent to 1.509 kg CO2, which is captured by biomass. Using the ethanol in FCEVs-SOFC results in a concentrated CO2 stream. The concentrated CO2, and H2 from electrolysis are used as a feedstock to synthesize methanol (which can be further recycled to SOFC-EVs). Renewable methanol production (including electrolysis) can be carried out with around 50% efficiency according to literature (Bos et al., 2020), consuming a large amount of energy [45.4 MJ/kg-MeOH with higher heating value (HHV)-basis (Richards and Coley, 2005), or around 33.0 MJ/kg-CO2]. But the methanol production and future transport processes of biomass and fuels are all assumed to be powered by renewable H2, while a next-generation bioethanol refinery is assumed to utilize its own biogenic by-products (e.g., lignin). Thus all these processes are assumed to be carbon neutral. The energy cost of CO2 compression is also low, and can be accounted for in the tank-to-wheel (TTW) efficiency of an SOFC car, as shown in the notes of Table 1. With these assumptions, preliminary indicative calculations are made for the total negative emissions. These indicative calculations are shown in Table 1 and its notes. However, more detailed calculations will be required for feasibility assessment or design to be carried out in future.


TABLE 1. Negative emission calculations.

[image: Table 1]The proposed pathway can attain typical negative CO2 emissions of 1.509 kg CO2 per liter of bioethanol consumed. Assuming there is a lag time of 1 year between the CO2 from a car being captured and being provided to a car again as methanol, maximum negative emission of 0.515 ton CO2 is achievable for each SOFC-equipped car that uses bioethanol with CCU (see Table 1 and its notes for calculations). This means possible total negative CO2 emissions of 138 Mt for all passenger cars in the EU. A single bioethanol plant producing 80 kt ethanol annually can eliminate fossil fuel emissions from 9.35 million Dutch passenger cars in just under 32 years, capturing 4.82 Mt CO2 in that time. This quantity of CO2 can be held in this artificial sink indefinitely, as long as these cars are in operation. It no longer causes negative emissions after being saturated in 32 years but after this, production of sustainable polymers (via methanol-to-olefins process, polyols and di-isocyanates from CO2 and H2) can be further used as a carbon sink. The saturation time for that can be several times higher, since the annual plastic production in the Netherlands is of the order of 5.3 Mt/yr (Plastics Europe, 2020), equivalent to 16.7 Mt CO2/yr. It is unclear how carbon loops of exported plastics will be closed in the future by (chemical) recycling and carbon capture at incineration, thus actual sink capacity for plastics in the future needs to be determined. Hence, such an integrated FCEVs-SOFC system with CO2 utilization is a sustainable way to close the carbon loop and has great potential in achieving negative emissions.

The use of SOFC makes it possible to readily capture pure CO2 from a car. However, there are also some challenges to the use of SOFCs in small applications like cars. Start-up and shut-down times are quite long, and thick insulation and large heat exchangers are needed for high efficiency. At present, the cost and durability of SOFCs also need improvement. On the other hand, long-term operation (several hours/days) of a downscaled SOFC (charging a larger battery), insulated with industrial ceramic fiber can mitigate this. Moreover, a prototype bioethanol-powered SOFC car was already produced by Nissan in 2016 (Nissan Motor Corporation [NMC], 2016). The costs for the CO2 compressor and other on-board components required for implementing the proposed system will be calculated as part of future work.



CONCLUSION

A novel pathway for negative emissions was postulated based on second-generation biofuel followed by carbon circularity in a closed chain, effectively resulting in a sink. Application of an on-board SOFC in an FCEV results in a concentrated stream of CO2, which is readily stored in a second tank. No energy-intensive CO2 separation and capture process is required. A CO2 recovery system at the fuel station takes the CO2 from the tank, stores it, or feeds it in a reverse-logistic routing back to a methanol plant. Using renewable H2, the recovered CO2 is synthesized into an e-fuel like methanol, which is also used as a fuel in SOFCs, fully closing the carbon loop with indefinite carbon recycling. We determined this pathway can reach typical negative emissions of 0.515 ton CO2 per car converted to SOFC using bioethanol fuel with CCU and a total negative emission of 138 Mt for all passenger cars in the EU. Such an integrated FCEV-SOFC system with CO2 utilization is a sustainable way to close the carbon loop and offers great potential in achieving negative emissions. All steps comprise known technologies with medium to high TRL levels and do not require costly system changes, so principally this system can readily be applied in the mid-term. The assumption for the lag time (between car exhaust collection and methanol production) is very important to decide the total negative emissions, and needs further investigation to decide an appropriate value (1 year has been assumed here as an indicative value). Detailed calculations for such a carbon sink will be carried out as future work.
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Fuel economy of an ICE car using gasoline, 15% TTW efficiency®° 17.5 km/L

Fuel economy of an ICE car using ethanol, 15% TTW efficiency® 12.7 km/L
Fuel economy of an SOFC car using ethanol, 45% TTW efficiency® 38.1 km/L
Stoichiometric CO, equivalent of ethanol® 1.509 kg/L
CO, emission of an SOFC car using (non-bio) ethanol’ 0.515 t/yr/car
CO» emission of an SOFC car using bioethanol? 0 t/yr/car
CO, emission of an SOFC car using bioethanol, with carbon capture” —0.515 t/yr/car
Total negative CO, emission possible per car! 0.515 t/car
Total negative CO, emission possible for all EU passenger cars’ 138 Mt
Total negative CO, emission possible for all NL passenger cars® 4.82 Mt
(CO5-equivalent of) Bio-ethanol production from one plant in NL' 153.04 kt/yr
Time required to saturate Dutch market with one ethanol plant™ 31.5 yr

aSource for TTW efficiencies of ICE (Devin Serpa, 2021).

bBased on 5.7 /100 km (i.e., 17.5 km/L) norm for a 2020 VW Polo (5d) 1.0tsi highline 70 KW (Travelcard, 2020). This value is based on NEDC. Fuel consumption may be
higher under practical conditions, leading to larger negative emissions.

¢Converted from 17.5 km/L, based on relative volumetric energy content of ethanol (22.80 MJ/L LHV) and gasoline (assumed to be pure octane, 31.41 MJ/L LHV;
Richards and Coley, 2005); 17.5 km/L x (22.80 MJ/L/31.41 MJ/L) = 12.7 km/L.

9Based on TTW efficiency of SOFC vs. ICE cars; 12.7 km/L x (45%/15%) = 38.1 km/L. SOFC systems using hydrocarbons have been found to have electrical efficiencies
(LHV-basis) in the order of 60% (van Biert et al., 2020). Here, a conservative estimate of 45% has been taken for TTW efficiency, to account for losses in the electric
motors, COo compression for storage on-board, and any other losses. Sharma and Maréchal (Sharma and Maréechal, 2019) state an electrical energy cost of 0.88 MJ
for compressing 2.11 kg of CO» (equivalent to 1.398 L ethanol) up to 75 bar. This electrical energy consumption of the compressor is only around 3% of the LHV of
ethanol. Therefore, the installation of COy storage will reduce the LHV-based electrical efficiency of the SOFC system also by around 3%. This is easily accounted for in
our conservative estimate of TTW efficiency of the car.

©By stoichiometry, 1.913 kg-CO,/kg-EtOH and density of ethanol is 0.789 kg/L (Richards and Coley, 2005).

fAverage annual mileage of personal cars in the Netherlands in 2018 was 13,004 km (CBS, 2021). 13,004 km/yr/(38.1 km/L/1.509 kg/L) = 515 kg/yr/car = 0.515 t/yr/car
COo emissions.

9When the car uses bioethanol, all the CO, emitted by the car comes from biomass, resulting in zero emissions. The emissions from the supply chain are also considered
as zero, since it is assumed that the energy needs of a next-gen bio-refinery and its supply chain are met with its own biogenic by-products and renewable hydrogen.
A detailed LCA of the bioethanol production chain is planned to be discussed in a follow-up article.

h\When the car runs on bioethanol and also captures the produced CO,, the amount of CO, that gets stored as negative emissions is the same as the CO, equivalent of
the ethanol consumption rate, i.e., 0.515 t/yr/car. Fuel supply chain emissions are again assumed zero through the use of renewable hydrogen.

IAssume it takes 1 year (lag-time) to collect captured COz from the car, produce methanol and deliver it back to the car. During this time, the car consumes fresh bioethanol
leading to negative emission at the rate calculated above (0.515 t/yr/car). At the end of this lag time, the carbon atoms used by the car during its first hours of operation
(as bioethanol) start being returned to the car in the form of synthetic methanol. From then onward, that car can perpetually use methanol recycled from its own exhaust,
therefore no longer causing negative emissions from bioethanol use. The longer the lag time, the longer the car has to use fresh bioethanol. In this way, the total negative
emissions is a product of the lag time, and the rate of negative emission during the lag time. 1 yr x 0.515 t/yr/car = 0.515 t/car total negative emission.

ICalculated based on 267.83 million passenger cars in the EU in 2018 (European Automobile Manufacturers Association [EAMA], 2019), with negative emissions of
0.515 t/car.

kCalculated based on 9.35 million passenger cars in the Netherlands in 2018 (CBS, 2021), with negative emissions of 0.515 t/car.

'Biondoil bio-refinery, assuming 80 kt/yr bio-ethanol production capacity (Biondoil, 2021); As per stoichiometry, 1 kg of ethanol produces 1.913 kg COs;
80 kt/yr x 1.913 = 153.04 kt/yr.

MDutch passenger car market (previously calculated 4.82 Mt CO»), being saturated at the rate of 153.04 kt/yr by one bioethanol plant;4.82 MT/153.04 kt/yr = 31.5 yr.
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