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Abstract

:

Refined bio-crude production from hydrothermal liquefaction of algae holds the potential to replace fossil-based conventional liquid fuels. The microalgae act as natural carbon sequestrators by consuming CO2. However, this absorbed CO2 is released to the atmosphere during the combustion of the bio-crude. Thus, the life-cycle greenhouse gas (GHG) emissions of refined bio-crude are linked to the production and supply of the materials involved and the process energy demands. One prominent raw material is CO2, which is the main source of carbon for algae and the subsequent products. The emissions associated with the supply of CO2 can have a considerable impact on the sustainability of the algae-based refined bio-crude production process. Furthermore, the diurnal algae growth cycle complicates the CO2 supply scenarios. Traditionally, studies have relied on CO2 supplied from existing power plants. However, there is potential for building natural gas or biomass-based power plants with the primary aim of supplying CO2 to the biorefinery. Alternately, a direct air capture (DAC) process can extract CO2 directly from the air. The life-cycle GHG emissions associated with the production of refined bio-crude through hydrothermal liquefaction of algae are presented in this study. Different CO2 supply scenarios, including existing fossil fuel power plants and purpose-built CO2 sources, are compared. The integration of the CO2 sources with the algal biorefinery is also presented. The CO2 supply from biomass-based power plants has the highest potential for GHG reduction, with a GHG footprint of −57 g CO2 eq./MJ refined bio-crude. The CO2 supply from the DAC process has a GHG footprint of 49 CO2 eq./MJ refined bio-crude, which is very similar to the scenario that considers the supply of CO2 from an existing conventional natural gas-based plant and takes credit for the carbon utilization.
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1. Introduction


The sustainable production of advanced biofuels from algal biomass faces several challenges. These include algae productivity, the sustainable supply of carbon dioxide (CO2), and the use of fossil-based energy in algal conversion processes [1,2,3]. Among these, the sustainable supply of CO2 is often overlooked, or it is assumed that CO2 would be readily available at the algal biorefinery site without any substantial emissions associated with the supply of CO2. Patel et al. [4] developed a cradle-to-gate attributional life cycle assessment (LCA) for algal biofuel production through the hydrothermal liquefaction (HTL) route for five different locations, namely, Brazil, UK, Spain, China, and Australia. The study predicted significant savings in greenhouse gas (GHG) emissions associated with algal biofuels; these savings depended strongly upon the energy mix of the country, and the source of supply of CO2 was omitted. Sun et al. [5] have performed LCA of biofuels production from microalgae through different conversion routes. The CO2 sourced from industrial flue gases is not considered within the system boundary. A majority of studies have failed to integrate CO2 delivery while assessing the sustainability of an algal biorefinery. Few studies consider losses from the CO2 injection system. Rickman et al. [6] have highlighted the excessive energy requirements for long-distance CO2 delivery from power plants. Somers and Quinn [6] have reported the global warming potential (GWP) for bio-crude production from different CO2 supply routes. A recent study by Porcelli et al. [7] has compared the production of microalgae for non-energy purposes from two different CO2 sources. Cheng et al. [8] have quantified the GHG emissions from hydrothermal treatment of algae utilizing CO2 from the conversion of biomass feedstocks. They have considered the CO2 production process within the LCA system boundary. Additionally, these studies do not incorporate the diurnal requirement of CO2 for algae growth. The algae growth is expected to take place during the daytime, and the CO2 source needs to be synchronized with the algae growth cycles.



A variety of CO2 supply strategies have been proposed [9,10]. Most of the predicted CO2 supply chains are linked to power plants, both new and existing. Alternately, there are several direct air capture (DAC) technologies to extract CO2 directly from the air, which may then be utilized by any CO2 utilization process [11,12,13]; as yet there has been no linking of DAC with an algae-based biofuel production process. Another novel integration is the use of biomass feedstock for supplying CO2 to the biorefinery. The sourcing of CO2 from a renewable and biogenic source has the potential for rendering the whole process carbon negative. A recent simulation study by Somers and Quinn [14] points out the necessity of integrating the algae HTL with upstream and downstream processing streams.



To overcome the above mentioned challenges, the present study focusses on HTL of algae to produce refined bio-crude, integrating upstream CO2 supply with downstream hydro-treating and hydro-cracking of bio-crude. GHG emissions are quantified for an envisioned 2000 acre algae growth facility to be located in southwest Florida, US. The algae feedstock is produced in photo-bioreactors (PBRs), utilizing a process and design developed by Algenol Biotech [15,16]. The HTL-oil can potentially be fed into conventional crude refineries after hydro-treating, which would remove excess oxygen and nitrogen in the bio-crude. The HTL process also results in an aqueous phase. Subsequent catalytic hydrothermal gasification (CHG) of the aqueous phase is carried out to produce fuel-gas, which can be used to meet the energy requirement of the HTL and the CHG reactors. The CO2 produced from fuel-gas combustion can be recycled back to the PBRs. The study integrates the energy sources and sinks that are available in the CO2 supply scenario, algae production, and bio-crude production and refining. The mass and energy balances from the ASPEN Plus® simulation are used to quantify the GHG emissions for the production of refined bio-crude utilizing an LCA framework.



The research gap is addressed in this study to evaluate a range of CO2 supply scenarios and the diurnal CO2 requirement, to fully characterize the life-cycle greenhouse gas emissions for algal biocrude production. Novel integration of the DAC and the biomass gasification process with the biocrude production has also been presented. Furthermore, there has been no previous study highlighting the sustainability of the selected algal strain.




2. Methodology


2.1. Process Flowsheet


The algae production, CO2 production and delivery, HTL reactor, CHG reactor, and hydro-treating is modeled in ASPEN Plus® simulation software. The software platform has been used in previous studies to model similar algal growth processes [17,18]. The Redlich Kwong Soave (RKS) thermodynamic model has been utilized to estimate the thermodynamic properties of the different compounds modeled in the flowsheet. The algae production is modeled utilizing a methodology reported by NREL [17]. The model was validated against data reported by NREL, and, subsequently, the model was updated to incorporate the selected Algenol algae strain [16]. The algae are assumed to be grown in PBRs with a productivity of 25 g/m2/day [15] in a 2000 acre algae growth facility [19]. The CO2 utilization efficiency of the PBRs is assumed to be 85% with the remaining 15% released back to the atmosphere in a gas purge. The harvested algae is used for the production of bio-crude through HTL occurring at 350 °C and 200 bar [15]. The HTL process leads to three components, namely the bio-crude, the aqueous phase, and the fuel-gas. The aqueous phase is subjected to CHG, leading to the production of syngas rich in methane. The syngas from the CHG and fuel gas from the HTL unit is combusted to provide the energy required for the operation of both the HTL and CHG units, thus making the thermo-chemical conversion process self-sufficient in terms of its heating requirement. The CO2 produced from the combustion of these gases is recycled back to the PBRs. The only energy input to the HTL and CHG process is the electricity requirement by the different pumps used for pumping the algae slurry and the aqueous phase.



The HTL and the CHG processes were simulated by updating the models proposed by PNNL [18]. The simulation incorporates separate day and night operations as well as recycling of CO2, water, and nutrients. The separate day and night operations are needed to reconcile the daytime algae production limited by sunshine and the continuous day/night operation of the HTL and the CHG units. The HTL and CHG reactors are assumed to operate for 24 h/day, whereas the algae production is considered to occur for 12 h/day. Thus, the HTL units utilize half of the algae produced during the daytime, and half of it is utilized during night-time. The CO2 recycle from syngas combustion takes place during the algae growth phase during the daytime. During night-time operations of the HTL and the CHG units, the CO2 is vented to the atmosphere. The water recycle from the CHG unit, however, is assumed to take place continuously.



The bio-crude produced from the HTL process needs to be upgraded to be utilized as a substitute to either gasoline range or diesel range fuels. This upgrading is accomplished by the hydrotreating and the hydrocracking processes. The study assumes that the hydrotreating and hydrocracking would be accomplished at a conventional crude refinery, and no separate infrastructure would be built for these catalytic conversion processes. The hydrogen utilized for these processes would be supplied through the steam methane reforming process at the conventional crude refinery [20]. A transportation distance of 100 km has been chosen to account for the transportation of bio-crude to the refinery and the transport of the diesel and gasoline range biofuels to the market. A mass balance for all scenarios along with the assumptions undertaken are presented in the Supplementary Information.



For the supply of CO2, the following five different supply scenarios are considered:




	
Scenario 1: CO2 from a coal-based power plant



	
Scenario 2: CO2 from a natural gas-based power plant



	
Scenario 3: CO2 from an NGCC unit with carbon capture and refrigeration



	
Scenario 4: CO2 from a biomass combustion plant



	
Scenario 5: CO2 from a biomass gasification plant



	
Scenario 6: CO2 from DAC








These CO2 supply scenarios have been extensively discussed by the authors in previous publications [10,21] and are briefly described in the Supplementary Information. The process flowsheet for the base-case scenario is presented in Figure 1. Table 1 shows the carbon dioxide source systems considered and the corresponding assumptions.




2.2. Electricity Production and Night-Time Emissions


In scenarios 1 and 2, the electricity requirement of the biorefinery is met through a relatively small onsite NGCC plant. This NGCC plant is sized according to the electricity requirement of the biorefinery as well as that of the CO2 compression and scrubbing units. The daytime CO2 emissions from the NGCC plant in scenarios 1 and 2, combined with CO2 from off-site power plant flue gas, are utilized for algal growth. The night-time emissions, however, are vented to the atmosphere. The extra electricity from the onsite NGCC plant during the night is exported to the grid. This is different from scenarios 3, 4, and 5, where the NGCC plant and the biomass combustion/gasification unit, respectively, are sized based on the CO2 requirement of the biorefinery. Thus, scenarios 3, 4, and 5 produce more electricity than is required by the biorefinery, and this extra electricity is exported to the grid. The exported electricity is larger during night-time operation. The night-time emissions are captured and refrigerated for scenario 3. The night-time CO2 emissions for scenarios 4 and 5 are vented to the atmosphere, as they come from a biogenic source. In scenario 6, a CHP unit producing both electricity and steam is proposed. The CHP system is sized to meet the heat and electricity demands of both the DAC unit and the biorefinery. A significant part of the CO2 emissions from the CHP unit are captured by the DAC system during daytime operations. The night-time emissions, however, would be vented to the atmosphere. Additionally, the night-time extra electricity production would be exported to the grid. In reality, there would be a provision to ramp down the power plants due to reduced electricity requirements. However, this option is not considered in the present study.




2.3. Greenhouse Gas (GHG) Emissions


A LCA approach has been adopted to quantify the GHG emissions from the different CO2 supply scenarios leading to the production of refined bio-crude, with 1 MJ of refined bio-crude production as the functional unit. The cradle-to-grave system boundary spans from the production of CO2 and algae, to the consumption of refined bio-crude. For scenarios 1 and 2 the system boundary does not include the CO2 production source, namely, the off-site coal and natural gas-based powerplant, because it is assumed that since the CO2 emissions from the powerplant would otherwise have been emitted to the atmosphere and, since no electricity from the powerplant is being used, utilization of these emissions is, in effect, the same as taking CO2 from the atmosphere. The CO2 supply capture and transportation processes, however, are within the system boundary. The NGCC plant, biomass combustion/gasification plant, and the DAC plant in scenarios 3, 4, 5 and 6, would be built explicitly for providing CO2 to the biorefinery and, thus, they are included within the system boundary (Figure 2).



The life cycle inventory data have been derived from ASPEN Plus simulations as well as other literature, including the ecoinvent databases [20]. The ASPEN Plus flowsheets were utilized to model the mass and energy balance for the different unit processes used in simulating the different scenarios. Electricity production and consumption, as well as different recycle streams, are part of the ASPEN Plus simulations. The life cycle assessment calculations were conducted utilizing an MS Excel-based framework utilizing matrix algebra [22]. A 100-year time horizon is used to calculate the global warming potentials [23].



Grid average electricity emissions of 500 g CO2 eq./kWh electricity are used to estimate the emissions related to the import and export of electricity. The emission associated with the supply and leaks of natural gas is taken to be 14 g CO2 eq./MJ of natural gas utilized [24]. These emissions account for the entire natural gas supply chain, including production, processing, transmission, storage, and distribution. The emissions related to the growth and supply chain of biomass feedstock are adopted from the work of Arora et al. [10]. The biomass feedstocks (southeastern pine plantations) are grown in the US state of Florida with an 11-year harvesting cycle, representing thinnings from timber stands. A methodology proposed by Guest et al. [25] is used to estimate the climate impact of the 11-year time-lag for biomass re-growth. The utilization of potassium hydroxide and calcium carbonate in the DAC process has been estimated based on data reported by Liu et al. [26].





3. Results and Discussion


The life-cycle greenhouse gas emissions for production of algal biocrude are 43, 50, 86, −19, −57, and 49 g CO2 eq./MJ for CO2 sourced from coal, natural gas, on-site purpose-built natural gas combined cycle, biomass combustion, biomass gasification, and direct air capture, respectively. The contributions to the GHG emissions for the six different scenarios described above are presented in Figure 3. The CO2 supply refers to the avoided emission of CO2 to the atmosphere, which would have been released to the atmosphere in the absence of the biorefinery. The algae conversion process refers to algae production and the HTL, CHG, hydrotreating, and hydrocracking conversion processes. The majority of emissions under this category are due to the CO2 losses from the PBRs during the growth of algae. The PBRs are assumed to have a CO2 utilization efficiency of 85% [15]. The CHG night-time emissions refer to the emissions from the combustion of fuel gases from the HTL and the CHG processes, which are used to provide the necessary heat for the HTL and the CHG reactors. The daytime emissions are recycled to the PBRs. Bio-oil transportation refers to the transportation of the bio-crude to the refinery as well as the transportation of the refined bio-crude to the end-user. The emissions from the combustion of refined bio-crude at the end-use are represented by bio-oil combustion. Both the scenarios result in the production of excess electricity, which is exported to the grid at grid average emissions. The emissions associated with the construction of PBRs are also shown in Figure 3. The nitrogen and phosphorous-based fertilizers utilized during the algae growth process are the major nutrients considered in the present study. Hydrogen is produced through the traditional steam reforming process and utilized during the hydrotreating and hydrocracking of bio-crude.



Sourcing CO2 from a biomass-based plant is expected to yield the best results in terms of life-cycle GHG emissions and renders the bio-crude production process carbon negative. The biomass-based CO2 supply scenario benefits from the carbon intake during biomass growth as well as the export of the excess electricity produced. The gasification process being more efficient than the biomass combustion process could significantly increase the production and export of electricity. This makes biomass gasification the lowest emission pathway for CO2 delivery from the viewpoint of carbon footprint. However, the economic considerations of gasification as compared to combustion must also be considered.



The conventional power plant-based scenarios, namely, scenarios 1 and 2, have life-cycle GHG emissions of 43 g CO2 eq./MJ refined bio-crude and 50 g CO2 eq./MJ refined bio-crude, respectively. The energy requirement of scenario 2 is slightly lower as compared to scenario 1. The reason for this lower energy requirement is the production of pressurized CO2 from the carbon capture unit. This, in turn, would reduce the compression energy required from the transportation of CO2 over 2 miles. Additionally, a higher capacity NGCC plant would be required in scenario 1 to meet this demand. Consequently, scenario 1 would have a higher amount of electricity exported during the night. Other emissions are similar for scenarios 1 and 2.



The life-cycle GHG emissions are expected to be the highest for scenario 3 where the CO2 is sourced from a purpose-built NGCC plant. Alternately, in scenarios 1 and 2, the CO2 production is deemed to be equal to sequestrating CO2 from the atmosphere. In the case of the conventional power plants (scenarios 1 and 2), all the CO2 emissions are allocated to electricity production. This assumption is based on the fact that, in the absence of the biorefinery, all the emissions would end up in the atmosphere. However, the power plant in scenario 3 would be built for supplying CO2 and energy to the biorefinery, and natural gas would be sourced for this purpose. The excess electricity produced from the NGCC unit is exported to the grid, assuming grid average GHG emissions of 500 g CO2 eq./kWh as a credit.



The GHG emissions associated with scenario 6 are 49 g CO2 eq./MJ refined bio-crude. This scenario has slightly higher energy requirements as compared to fossil fuel based scenarios (scenario 1 and 2), due to additional natural gas utilization in the DAC plant for the calciner as well as production of steam in the CHP unit. The powerplants assumed in scenarios 1 and 2 have all their emissions allocated to electricity production, and the emissions would end up in the atmosphere in the absence of the biorefinery. However, this is different for scenario 6, where the DAC plant is specifically built to supply the CO2 and energy to the biorefinery. The excess electricity produced from the DAC unit is exported to the grid, assuming grid average GHG emissions of 500 g CO2 eq./kWh. While scenario 1 captures emissions which would have normally been vented to the atmosphere, scenario 6 captures CO2 directly from the air as well as from the combustion of natural gas in the CHP and calciner. Thus, the overall life-cycle emissions for 1 MJ of refined bio-crude production are lower when sourcing the CO2 from a conventional coal plant when compared to a new DAC unit.



A sensitivity analysis of different scenarios was also performed. The distance between the biorefinery and the conventional fossil-based power plants does affect the life cycle GHG emissions for the refined bio-crude production. The sensitivity assumes a pressure drop of 0.055 bar for each mile. The increase in the GHG emissions with increasing distance is presented in Figure 4. Scenario 1 is more sensitive to the transportation distance as compared to scenario 2. This is because scenario 2 employs carbon capture. The regenerator of the carbon capture unit operates at elevated pressures, and the flowrate is significantly smaller once the nitrogen and other gases are removed. The increased distance between biorefinery and the power plant can also add a considerable economic burden.



The emissions from the production of refined bio-crude are sensitive to the GHG footprint of the grid to which electricity is exported. To better understand this variation, a sensitivity analysis is performed by varying the grid-average emissions from 50 to 750 g CO2 eq./kWh electricity. The results, shown in Figure 5 are that scenarios 3 and 5 are most sensitive to the grid electricity GHG footprint, whereas scenario 2 is the least sensitive. This is because scenarios 3 and 5 derive the maximum benefit from the export of electricity. The results highlight the need for performing a techno-economic analysis to gain a better understanding of both scenarios. If boreal biomass with a biomass growth cycle of 75 years is considered, the GHG footprint of refined bio-crude production would be 51.5 g CO2 eq./MJ refined bio-crude, which is very close to the GHG footprint of bio-crude produced from fossil-based CO2 sources as well as the DAC process. The primary reason for this is the GHG footprint of 0.58 kg CO2 eq./kg biomass for boreal biomass as compared to the GHG emissions of 0.138 kg CO2 eq./kg biomass for 11-year pine plantation thinnings. Thus, not all biomass feedstocks would provide similar GHG emissions benefits. Furthermore, the utilization of relatively efficient processes such as biomass gasification must be studied.



In previous work, [10] we evaluated the CO2 emissions of different CO2 sources. The results of that study, with biomass sourcing providing the lowest emissions and purpose-built natural gas sourcing providing the highest emissions, are reflected in the results here. In other previous work [21] we evaluated the life-cycle greenhouse gas emissions for ethanol produced in a similar process, for different CO2 sources; that study had similar findings: biomass is the lowest carbon CO2 source, existing fossil fuel power plants are an intermediate source, and purpose built natural gas power plants provide the highest fuel emissions. The process modeled here for direct air capture is a current-technology high emitting scenario powered by fossil fuel; more energy-efficient systems that use low-carbon energy sources have the potential to significantly lower the greenhouse gas emissions.




4. Conclusions


Sourcing CO2 from a biomass-based plant makes the bio-crude production process carbon negative. Delivery of CO2 from an existing coal based plant (scenario 1) has a better GHG footprint (43 g CO2 eq./MJ refined bio-crude) when compared to a purpose-built DAC system (49 g CO2 eq./MJ refined bio-crude). This scenario, however, limits the choice of location to the vicinity of existing powerplants. Building a new natural gas-based plant (scenario 3) for supplying CO2 to the biorefinery results in higher emissions compared to sourcing of CO2 from existing fossil fuels plants and is not recommended. The greenhouse gas emissions are very sensitive to the grid electricity carbon footprint. A techno-economic analysis for the six scenarios would provide additional information on the trade-offs. This study highlights the importance of CO2 sources for the sustainability of algal biorefineries.
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Figure 1. Process flowsheet for refined bio-crude production from algae in base-case scenario. 
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Figure 2. LCA assumptions and system boundary. 
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Figure 3. GHG emissions results (kg CO2 eq.) for 1 MJ of refined bio-crude production for different CO2 supply scenarios. 
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Figure 4. Sensitivity of power plant based CO2 supply with increasing distance from the biorefinery. 
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Figure 5. GHG emissions sensitivity analysis. 
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Table 1. Systems considered for providing CO2 to biorefinery.
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	Scenario
	CO2 Source
	Transport Distance (mi)
	Infrastructure Required
	Excess Electricity





	1
	Coal based power plant
	2
	Pipeline
	mostly at night



	2
	Natural gas power plant
	2
	CO2 capture facility, natural gas boiler, pipeline
	mostly at night



	3
	NGCC plant with carbon capture and refrigeration
	0
	CO2 capture facility, natural gas boiler, refrigeration system, pipeline
	day and night



	4
	Biomass combustion plant
	0
	Pipeline
	day and night



	5
	Biomass gasification plant
	0
	Pipeline
	day and night



	6
	Direct air capture plant
	0
	Pipeline
	day and night
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