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In order to limit climate change, fast greenhouse gas reductions are required already before 2030. Ethanol commonly produced by fermentation of sugars derived either from starch-based raw material such as corn, or lignocellulosic biomass is an established fuel decarbonizing the transport sector. We present a novel selective and flexible process concept for the production of ethanol with electricity and lignocellulosic biomass as main inputs. The process consists of several consecutive steps. First synthesis gas from gasification of biomass is purified by filtration and reforming and fed to methanol synthesis. The produced methanol is fed to acetic acid synthesis, together with a carbon monoxide-rich stream separated from the synthesis gas by membranes. Finally, acetic acid is hydrogenated to yield ethanol. With the exception of acetic acid hydrogenation, the overall process consists of technically mature subprocesses. Each process step was modelled in Aspen Plus to generate the mass and energy balances for the overall process. Additionally, the CO2 emissions and economic feasibility were assessed. Three separate cases were investigated. In the first two cases, the syngas carbon (CO and CO2) was split between methanol and acetic acid synthesis. The cases included either allothermal (case A) or electrically heated reforming (case B). In case C, maximum amount of CO was sent to acetic acid synthesis to maximize the acetic acid output, requiring a small additional carbon dioxide input to methanol synthesis. In all cases, additional hydrogen to methanol synthesis was provided by water electrolysis. Each case was designed at biomass input of 27.9 MW and the electrolyzer electricity requirement between 36 and 43.5 MW, depending on the case. The overall energy efficiency was calculated at 53–57%, and carbon efficiencies were above 90%. The lowest levelized cost of ethanol was 0.65 €/l, at biomass cost of 20 €/MWh and electricity cost of 45 €/MWh and production scale of approximately 42 kt ethanol per year. The levelized cost is competitive with the current biological route for lignocellulosic ethanol production. The ethanol price is very sensitive to the electricity cost, varying from 0.56 to 0.74 €/l at ±30% variation in electricity cost.
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INTRODUCTION
Drastic reduction of CO2 emissions is needed to limit the consequences of climate change, according to the latest sixth assessment report by the Intergovernmental Panel on Climate Change (IPCC, 2021). One way to reduce the carbon emissions of the transportation sector is to produce fuels based on renewable sources such as wood and straw residues, or renewable electricity.
One pathway for the conversion of lignocellulosic biomass into biofuels is via gasification, followed by gas cleaning and chemical synthesis into liquid fuels such as methanol or Fisher -Tropsch (FT) liquids, or into gaseous fuels such as hydrogen or synthetic natural gas. Usually, the fuel produced via gasification can be either mixed in low amounts (e.g., 3 wt% of methanol) in gasoline, or alternatively they require new infrastructure for distribution, which is the case for hydrogen, for example. Drop-in fuel production from FT-liquids typically requires additional processing steps such as isomerisation or hydrocracking after production. In the EU, ethanol is already mixed with gasoline at up to 10 wt% or in RE-85 at up to 85 wt%. In addition, up to 90% ethanol has been used in ED95 fuel suitable for special heavy transport diesel engines (Neot Group, 2021). Compared to methanol, ethanol is more compatible with existing fuel infrastructure. It has also a higher energy density 27 MJ/kg vs. 20 MJ/kg (Iliev, 2018). However, produced via gasification of biomass followed by chemical synthesis from synthesis gas, production of ethanol requires more synthesis steps compared to methanol. Commercial production of ethanol involves fermentation of sugars produced by hydrolysis of cellulose and hemicelluloses. The energy yield of liquid fuel obtained through this pathway has been estimated at only 25–30% of the forest biomass energy content (Frankó et al., 2016). Another author Barta et al. (2010) report higher energy yield of bioethanol 33–34% and if also the co-product upgraded biogas is used as transportation fuel the energy yield can reach 51–58%. The fuel yield of liquid fuel is significantly lower compared to typical energy yields in liquid fuels production via gasification. For instance, the energy yield has been estimated at 50–60% for biomass gasification and conversion to methanol, FT or gasoline produced via methanol-to-gasoline (MTG) (Hannula and Kurkela, 2013).
Ethanol can also be produced from syngas through mixed alcohol synthesis; however, this process has not yet been applied at commercial scale. Mixed alcohol synthesis is not selective to ethanol, and in order to maintain a high selectivity to ethanol, the per-pass conversion should be limited (Dutta et al., 2012). Furthermore, syngas can be used in a gas fermentation process as already commercialized by LanzaTech (Köpke et al., 2011). Enerkem has constructed a plant for the conversion of waste to methanol/ethanol in Edmonton, Canada, at ethanol output of approximately 30 MW. This plant uses assorted wastes as feedstock (Brown et al., 2020). Additionally, biochemical conversion paths based on cellulosic biomass are investigated. An example is the commercialized Sunliquid process by Clariant (Hortsch and Corvo, 2020). Recent demonstration and commercial scale plants producing cellulosic bioethanol are listed by Brown et al. (2020).
An alternative pathway consisting of methanol and acetic acid production followed by hydrogenation of acetic acid into ethanol has been studied by Zhu and Jones (2009). Later, Brown (2015) reviewed this process route and other cellulosic fuel production pathways based on their technical challenges and techno-economic performance. Although acetic acid hydrogenation to ethanol has not been implemented at commercial scale, it has been demonstrated as part of a process operated by ZeaChem, producing approximately 190 L of ethanol per hour (Eggeman and O’Neill, 2016). An approach used by the Enerkem company is to convert methanol into ethanol via carbonylation producing methyl acetate as intermediate product. Subsequently, methyl acetate is converted by hydrogenolysis into ethanol and methanol, which is recycled back to a previous step in the process (Stéphane et al., 2011).
One challenge with using biomass as raw material is the availability of biomass and required transport of huge volumes of biomass to a large-scale industrial plant. Hannula (2015) studied hybrid production of biofuel using both electricity and biomass. Electrolytic hydrogen-supplemented biofuel production resulted in more cost-efficient production of biofuel compared to non-biomass synfuels (electrofuels) under a wide range of economic assumptions. Later Isaacs et al. (2021) compared the economic and environmental performance of several electrofuel and hybrid biomass fuel pathways in the United States. They found the hybrid electricity- and biomass-based pathway to liquid fuels the most competitive and sustainable option. However, the results were sensitive to the electricity source characteristics, most importantly the cost and emissions. Lately, the company Enerkem has announced an investment into a 87 MW electrolyser in connection with their new planned plant in Varennes that will convert 200,000 tonnes of non-recyclable waste and wood waste into nearly 125 million litres of biofuels annually (Enerkem, 2020).
The advantage of the hybrid approach is that the fuel and carbon yield can be significantly increased compared to using only biomass. When the hydrogen needed to produce fuel is supplemented instead of produced via water gas shift reaction from carbon monoxide, all the carbon in the synthesis gas present as carbon monoxide and carbon dioxide can be converted into fuel products, increasing the yield significantly. According to Hannula (2016), the biofuel yield could be increased by up to 2.6, for biogasoline and 3.1-fold for methane production over reference biomass-only plant configurations when oxygen gasification was used and all the gasification derived CO2 was hydrogenated into synthetic fuels.
Another advantage of hydrogen enrichment of biofuel production is that the process can be operated in a flexible way balancing the production and consumption of electricity: the hydrogen enrichment ‘storing’ power in the form of fuels can be performed when excess renewable power is available from wind or solar sources. When excess electricity is not available, biofuel can still be produced without hydrogen supplementation but at lower yield.
In the pathway studied here, biomass carbon can be converted via gasification, organic chemical synthesis and additional hydrogen supplementation with a high carbon efficiency into the fuel product. Furthermore, even extra carbon as CO2 could be added and converted into methanol, increasing the fuel yield above 100% based on the biomass carbon input. The studied pathway differs from the Enerkem process as acetic acid and not methyl acetate is produced as an intermediate. The benefit of the present process alternative is that methanol does not need to be recycled from the hydrogenation back to the acetic acid production step. Furthermore, the last hydrogenation step can be performed flexibly at a different location from acetic acid production, using hydrogen produced from renewable electricity. With the exception of the final acetic acid conversion to ethanol, the process stages considered in the overall process represent high-technical readiness level, commercially available technology. In one of the process configurations, we consider electrical reforming leading to higher conversion efficiency, as recently demonstrated for steam methane reforming (Wismann et al., 2019).
In this study, the objective is to provide a first estimate of the yield and cost of fuel produced via the suggested hybrid biomass/power-to-ethanol route via acetic acid hydrogenation, and to compare the cost against other hybrid biomass and state of art electrofuel pathways. It is also investigated how different levels of hydrogen supplementation influence the yield, carbon efficiency and cost of ethanol produced. Additionally, the options of traditional allothermal reforming with oxygen feed or electrically heated reforming of biomass-derived synthesis gas were compared. To estimate the potential for emission reduction, the process carbon balance and resulting emission factor for the ethanol product was calculated for each process configuration and for different electricity sources.
MATERIALS AND METHODS
In this section, the investigated processes and cases are introduced and the assumptions and methodology for calculating the mass and energy balances and estimating the process economics are presented.
Process Description and Investigated Cases
Three different cases (A–C) for the production of ethanol were investigated in this study. In all three cases, synthesis gas is produced via gasification of forest residues, and additional hydrogen is supplied from water electrolysis in order to achieve a high carbon conversion from biomass. The idea is to produce the needed carbon monoxide via biomass gasification, which has a relatively high conversion efficiency on energy basis and the needed additional hydrogen with water electrolysis. Additional carbon monoxide could be produced by feeding additional carbon dioxide and hydrogen to the reforming step however this would lead to lower conversion efficiency compared to the studied concept. The cases differ in terms of the type of reformer, and the split of carbon from the gasification syngas into the methanol and acetic acid synthesis steps. The modelling cases are summarized as follows, and the process configuration in different cases is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Block diagram of the process in Cases A–C, with technical readiness levels (TRL) for the process steps. Solid lines represent connections valid for all cases, dashed lines represent specific connections.
Case A: The reformer is fed with oxygen to reach a temperature of 950 °C. The split of syngas is adjusted to meet the carbon demand of methanol and acetic acid synthesis.
Case B: The reforming is heated with electricity to 950 °C. The split of syngas is adjusted to meet the carbon demand of methanol and acetic acid synthesis.
Case C: The reformer is fed with oxygen like in case A. All syngas is processed in the membrane separation to reach a maximum CO stream to acetic acid synthesis. Additional carbon dioxide is supplied to the methanol synthesis.
The process is based on the oxygen blown gasification of biomass (forest residues) which is dried before gasification. After reforming and gas cleaning, the syngas stream is split into a fraction directly routed to methanol synthesis and a fraction continuing to two-stage membrane separation. The membrane separation step yields a high purity carbon monoxide stream (retentate) that is sent to acetic acid synthesis. The permeate (mostly CO2 and H2) from the first membrane separation stage is fed to methanol synthesis together with the split fraction mentioned above. Additional hydrogen from water electrolysis is added to methanol synthesis to adjust the carbon/hydrogen ratio.
In Cases A and B, the split syngas stream to methanol synthesis is adjusted to maintain an even split of total carbon (CO and CO2) between methanol and acetic acid synthesis. Thus, all the methanol produced can be converted into acetic acid, maximizing the acetic acid output. In case C the amount of CO fed to acetic acid synthesis is maximized within the capability of the membrane separation. Supplementary CO2 is fed to methanol synthesis in order to match the amount of methanol produced to the CO input routed to acetic acid synthesis.
In all cases, the produced acetic acid is further hydrogenated to ethanol. Hydrogen for acetic acid hydrogenation is also produced by water electrolysis. Here, alkaline electrolysis is assumed due to high technical maturity and relatively low costs compared to alternative technologies IRENA (2020). It is noted that the added dynamic and part-load operation capabilities of polymer electrolyte membrane (PEM) electrolyzers could be an advantage in the present concept based on the flexible use of variable electricity sources based on availability. However, details on electrolyzer operation are outside the scope of the present study. Oxygen from water electrolysis is used in gasification, with excess oxygen sold for other uses.
It is noted that additional carbon monoxide could be produced by feeding extra hydrogen and CO2 to the reformer, further increasing the acetic acid and ethanol yield based on the biomass input. However, this option was not investigated in this study.
Key Performance Indicators for Efficiency and Cost
The performance of the process was evaluated based on key performance indicators including carbon efficiency (CE) and power/biomass-to-ethanol to ethanol efficiency. For economic evaluation, the levelized cost of ethanol is estimated.
Carbon Efficiency
The CE is calculated as shown in Eq. 1:
[image: image]
where [image: image] carbon mole flow as fuel output, mol/s.
[image: image] carbon mole flow as input, mol/s.
Power/Biomass-to-Ethanol Energy Efficiency
The overall energy efficiency from biomass and electricity to ethanol is calculated using Eq. 2. The efficiency is based on the ratio of the energy content of ethanol product to the combined energy content of biomass input and electrical energy used in electrolysis, pumps and compressors. Resulting figures can be compared to other studies and processes presented in the literature.
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where [image: image] dry biomass lower heating value, MJ/kg.
[image: image] ethanol lower heating value, MJ/kg.
[image: image] ethanol mass flow. kg/h.
[image: image] mass flow of dry biomass. kg/h.
[image: image] electricity power, MW.
CO2 Balance
The emission factor for the ethanol product (g CO2 per MJ of fuel) is calculated according to Eq. 3. For a rough calculation, only upstream emissions related to biomass, emissions from the electricity consumption, and a credit for bound CO2 are considered. The process itself is self-sufficient on heat.
The consumption-based emission factors used are shown in Table 1. The system boundary for the calculation is the production site including scope one and two emissions. For the emission factor for electricity, two scenarios based on the German and Finnish grid mix are calculated. For case C, additional carbon dioxide can be added to the process. The added CO2 is of biogenic origin, which is consumed and bound to the ethanol product and can therefore be considered with negative emissions in the calculation as it is a sink for CO2.
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where [image: image] biomass emission factor, kg CO2/MWh.
TABLE 1 | Emission factors used in calculation of the CO2 balance.
[image: Table 1][image: image] electricity emission factor, kg CO2/MWh.
[image: image] ethanol lower heating value, MJ/kg.
Pel electrical power requirement, MW.
[image: image] CO2 mass flow into process, kg/h.
[image: image] mass flow of dry biomass, kg/h.
[image: image] mass flow of ethanol, kg/h.
Economics
The levelized cost of ethanol production per energy unit of ethanol (lower heating value basis) is based on Eq. 4:
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where.
[image: image] annuity factor, -
[image: image] biomass production cost, €/MWh.
[image: image] CO2 feed cost including capture, €/ton.
[image: image] district heat cost, €/MWh.
[image: image] electricity production cost, €/MWh.
[image: image] Value of by-product O2, €/ton.
[image: image] District heat yield, MWh/ton dry biomass.
[image: image] Electrical Energy, MWh/ton dry biomass.
[image: image] Fixed capital investment for plant scale a, €
[image: image] Feed rate of dry biomass at 0% moisture, ton/h.
Nox Amount of surplus O2 ton/dry biomass.
NCO2 Amount of CO2 imported ton/ton dry biomass.
[image: image] Yearly maintenance cost, €
[image: image] Yearly full load hours, h/a.
[image: image] Fuel yield, MWh/ton dry biomass.
The economic parameters presented in Table 2 are used in the calculations. The economics were evaluated for mature technology using so called Nth plant cost estimate. In addition, a separate case with a 6-fold production capacity (case A 6x) was calculated to illustrate the effect of scale on the production cost. Investment costs were scaled according to Eq. 5, using specific capacity exponents for a particular process section or type of equipment, based on reference data. The reference data, together with the scaled capital costs shown for case A as example, are presented in Table 17 in the Supplementary information.
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TABLE 2 | Economic parameters used in calculations.
[image: Table 2][image: image] Fixed capital investment for plant scale b, €
[image: image] Feed rate at plant scale a of dry biomass at 0% moisture, kg/h.
[image: image] Feed rate at plant scale b of dry biomass at 0% moisture, kg/h.
[image: image] capacity exponent.
The investment cost for the first plant is usually significantly higher and therefore another separate case (case A first) was calculated based on reported cost by the Enerkem methanol/ethanol plant (Brown et al., 2020). The CAPEX can, however, be expected to be lowered over time by the well-known learning curve mechanisms such as process improvements based on previous operating experiences for previous plants, improved and more (cost-) effective plant configurations and plant size (economies of scale) (Irena and methanol institute, 2021).
PROCESS MODELLING
All sub-processes were modelled in the chemical process simulation software Aspen Plus to generate the mass and energy balances. The assumptions and methodology used in the modelling of each sub-process are described in detail below. The Aspen Plus flowsheet, together with model specifications and stream tables, for every subprocess and case are presented in the Supplementary Material. The electrolysis was modelled as a black box with an efficiency of 60% based on the LHV of hydrogen. Electrolysis is assumed to be operated at 30 bar and 80 C. The efficiency and operating conditions are within the reference range for alkaline electrolyzer systems (Buttler and Spliethoff, 2018).
Gasification, Reforming and Membrane Separation
In this case, pressurized oxygen-based gasification is used because more oxygen than needed can be produced as by-product in water electrolysis. This pressurized biomass gasification process, including steam and oxygen gasification and gas cleaning to reach sufficient purity for FT or methanol synthesis, has been demonstrated by VTT (Simell et al., 2014; Kurkela et al., 2016; Frilund et al., 2021). Usually, oxygen production requires an additional air separation unit. Formation of carbon on the catalyst is known to occur in reforming of hydrocarbons particularly at elevated pressures, if too low amount of steam is present compared to the hydrocarbons. Although carbon formation is included in the simulation model, confirmation that carbon is not formed at particular process conditions would require experimental work. The details of the gasification process are illustrated in Figure 2. Specifications of the biomass used for gasification is in Table A1 in the Appendix. As property method, the Redlich- Kwong-Soave equation of state was used. The process step and key model parameters are the following: First, forest residues are dried from 50 wt% to approximately 13 wt% moisture content. The biomass is gasified with oxygen fed to the gasifier together with low-pressure steam. The gasifier was modelled with a corrected equilibrium model where the methane content was specified to be approximately 10 mol% corresponding to a realistic gas composition. After the gasifier, the gas is filtered and fed to the catalytic reformer that is operated allothermally (cases A and C) or heated electrically (case B). The catalytic reformer was modelled with an equilibrium model and the electrical reformer was assumed to have 100% efficiency from electricity to heat.
[image: Figure 2]FIGURE 2 | Flowsheet of the gasification and reforming section.
After the reforming step the gas is cooled and remaining tar components, sulfur impurities (H2S, COS), ammonia and HCl are removed in a ZnO and activated carbon bed and water scrubber modelled with a component separator in the model. The clean gas is then compressed and separated using a two-stage membrane process in which the gas mixture is separated into two streams. The first stream contains >99 vol% CO and is fed to the acetic acid synthesis. The second stream, fed to the methanol synthesis, contains the major part of hydrogen and carbon dioxide, as well as some residual CO and methane.
Separation of carbon monoxide from the product gas stream is performed with a two-stage membrane separation process. Membrane separation was modelled as a splitter with fixed split ratios for the different components. This separation concept has been used in industry and the reported mole purity is in line with the outcome of our simplified membrane separation model (Teuner et al., 2001).
Methanol Production
As illustrated in Figure 2, there are two separate feed streams to the methanol synthesis stage. The major component of total feed consists of the tail gas from the membrane separation section. The second feed stream is directly split from the purified gasification gas prior to the membrane separation. Furthermore, additional hydrogen is input from water electrolysis to adjust the syngas composition, setting the stoichiometric number (Eq. 6) to the value of 2.05.
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where [image: image] carbon monoxide mole flow, mol/h.
[image: image] carbon dioxide mole flow, mol/h.
[image: image] carbon dioxide mole flow, mol/h.
The methanol synthesis process is based on the conversion of syngas on Cu/ZnO catalyst, corresponding to the industrial practice (Ott et al., 2010). Methanol is formed via hydrogenation of CO2 and CO as described by Eqs 7–9. Eq. 9 represents the reverse water gas shift side reaction that is also activated on the Cu/ZnO catalyst. The process flowsheet is presented in Figure 3. The process is modelled using RKSMHV2 property method based on the modified Redlich-Kwong-Soave equation of state for the high-pressure (>10 bar) sections, and the Non-random two-liquid (NRTL) activity coefficient-based model for low-pressure sections (Van-Dal and Bouallou, 2013).
[image: image]
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[image: Figure 3]FIGURE 3 | Flowsheet of the methanol synthesis process (case A).
The fresh feed is mixed with the recycle gases and pre-heated to the temperature of 215 C by transfer of heat from the hot reactor outlet gas. The feed is converted in an isothermal, water-cooled reactor operated at 250 C. The reactor is modelled using the kinetic model by Vanden Bussche and Froment (1996), with readjusted parameters as given in Mignard and Pritchard (2008). The reacting mixture reaches chemical equilibrium in the reactor. Reaction heat is utilized by generation of steam at the reactor temperature, assuming 85% efficiency. Pressure drop over the reactor is calculated by the Ergun equation. An additional pressure drop of 1 bar is assumed on both hot and cold sides in the pre-heater, resulting in an overall pressure drop of approximately 2 bar over the reactor loop.
The reactor outlet gas is successively cooled in the reactor pre-heater, the distillation column pre-heater, and a final condenser. Methanol and water produced in the reactor are mostly condensed at the final temperature of 32 °C and separated from the unreacted gases in a high-pressure gas-liquid separator. The separated gases are recycled to the reactor feed following a 0.5% purge. The pressure of the liquid stream is reduced to atmospheric, and residual light components are removed in a successive low-pressure gas-liquid separator.
The liquid product stream then enters the methanol/water distillation column following pre-heat in the heat exchanger. Heat (at 99 C) to the column reboiler is supplied by steam, generated in the reactor and by waste heat (purge) combustion. Water is removed from the bottom of the column. The top product consists of methanol at the purity required to meet the requirement of the following acetic acid production process. Besides residual water, the stream contains a small fraction of dissolved gases. Following cooling and condensation, the final methanol product is yielded after flashing of gases. The purity is 95.2 w-% as required by the acetic acid synthesis process. Purged combustible gases from the recycle and gas-liquid separators are routed to waste heat combustion to provide high-grade heat.
Acetic Acid Production
In industrial scale, 85% of the worldwide acetic acid production is based on the carbonylation of methanol as shown in Eq. 10 (Kalck et al., 2020). The early development of the carbonylation process driven by Monsanto used a rhodium catalyst (Jones, 2000). Later, the Cativa process was established which uses an iridium catalyst (Jones, 2000). The Cativa process is the industrially established process for the production of acetic acid. Further development of processes for acetic acid production was undertaken and is ongoing for example on the raw material basis and on immobilized catalysts (Le Berre et al., 2010; Yoneda et al., 2010).
[image: image]
In this paper the Cativa process was modelled. NRTL with the Hayden-O'Connell equation of state for the vapor phase was used. The Hayden-O'Connell model takes into account the dimerization of carboxylic acids. The following compounds were imported to the simulation: CO, CO2, CH3I (methyl iodide), CH3COOH (acetic acid), H2O, CH3OH (methanol), CH4, CH3CH2COOH (propionic acid), H2 and CH3COOCH3 (methyl acetate). The catalyst was not explicitely modelled. Figure 4 shows the flowsheet as modelled in Aspen Plus based on Torrence et al. (2013). The process can be divided into the reaction section and the purification section.
[image: Figure 4]FIGURE 4 | Flowsheet of the Cativa process for the production of acetic acid.
The feed to the reactor is composed of the reactant species methanol and carbon monoxide as well as catalyst and auxiliary materials. The carbon monoxide is compressed in a two-stage compressor to reach the reaction pressure of 35 bar. The liquid feed to the reactor is composed of 9.7 wt% methyl iodide, 11.9 wt% acetic acid, 4.8 wt% water, 59.0% methanol and 14.5% methyl acetate which is in line with patents (Ditzel et al., 1997) (Torrence et al., 2013). The reactor is modelled as a RStoic reactor with a temperature of 200 °C and a pressure of 35 bar. After the reactor the mixture is split in a gas-liquid splitter. Gaseous compounds undergo condensation at 5°C in HX1. In a subsequent flash the liquid stream is recycled to the reactor and the gaseous phase is sent to incineration. The valve reduces the pressure of the reaction mixture to 1 bar.
In heat exchanger HX2 the product stream is vaporized and fed to distillation column C1. The side draw is further sent to column C2 for water removal. The vapor head stream of column C1 is sent to the absorber C3 to recover most of the light components like methyl iodide. The gas stream is scrubbed with methanol. The flow rate of methanol is adjusted so that the concentration of methyl iodide in the gaseous exit stream of the absorber is below 50 ppm. Another condensation at 5 °C and liquid gas separation FLASH3 is necessary to recover valuable compounds like methayl iodide and methanol after the absorber C3. The bottom stream of column C1 contains the catalyst, water and acetic acid and is recycled back together with the other liquid streams to the reactor. In column C2 light components and water are removed to yield an acetic acid stream with 97 wt% purity. The recycle stream is mixed with fresh methanol, pumped to 25 bar and preheated.
Acetic Acid Hydrogenation to Ethanol
Compared to methanol and acetic acid synthesis, the further hydrogenation of acetic acid to ethanol is of lower technological readiness (TRL 5). Direct hydrogenation of acetic acid to ethanol (Eq. 11) can be performed using transition metal catalysts, most importantly noble metals including Ru, Rh and Pt, via both-two or three-phase reactions (Olcay et al., 2010; Olcay et al., 2014).
[image: image]
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In the present case, data from Rakshit et al. (2020) is employed to suggest a process based on gas-phase hydrogenation of anhydrous acetic acid to ethanol on a bimetallic Pt-Sn catalyst. Studying this reaction in the temperature and pressure ranges of 240–280°C and 10–35 bar, respectively, and at hydrogen to acetic acid feed ratios (H2:Ac) of 4–20, they found the optimal conditions at 270°C, 20 bar and H2:Ac = 10. Under these conditions, the ethanol selectivity was 95% at 83% acetic acid conversion. The reaction was kinetics-controlled as the equilibrium conversion approached 100% under the studied reaction conditions. The main by-product was identified as ethyl acetate, formed via esterification of ethanol with acetic acid (Eq. (12)).
Adapting the findings of Rakshit et al. (2020), the acetic acid hydrogenation reactor was modelled as a stoichiometric reactor operated isothermally at 240 °C and 30 bar, with the conversion of the main reaction (Eq. 11) set to 75% as a conservative estimate. These conditions were selected to maximize the ethanol selectivity. For simplification, the formation of ethyl acetate as a by-product was neglected. This assumption is supported by the relatively low conversion level, as Rakshit et al. (2020) showed that the degree of esterification, as a consecutive reaction to the main reaction, can be reduced at lower conversion levels.
The flowsheet of the modelled process is presented in Figure 5. The reactor section was modelled using the Soave-Redlich-Kwong equation of state, and the separation section uses the NRTL activity coefficient model. Acetic acid (97 w-%) from the Cativa process is pumped to the reaction pressure of 30 bar, while hydrogen is supplied at 30 bar from water electrolysis. The fresh acid and hydrogen streams are mixed with the gas and liquid recycles, and the feed mixture is heated to the reaction temperature of 240 °C. The makeup hydrogen rate is adjusted to set the H2:Ac ratio to 5, which equals the minimum suggested by Rakshit et al. (2020).
[image: Figure 5]FIGURE 5 | Flowsheet of the acetic acid hydrogenation to ethanol process.
Following the reactor, acetic acid, ethanol and water are condensed at 50 C and separated in a gas-liquid separator. Separated unreacted hydrogen is recycled to the reactor following a 1% purge. After expansion to 1 bar, residual gases are purged from a second gas-liquid separator. The azeotropic ethanol-water mixture (∼94 w-% ethanol) is distilled in the C1 column, with the bottom product consisting of 51 w-% acetic acid with water. The bottom mixture is separated in the C2 column, with water removed as distillate, and acetic acid as bottom product which is recycled following a 1% purge.
Separation of the azeotropic ethanol-water mixture is not modelled in detail in this work. Options for this separation include azeotropic or extractive distillation (e.g.using pentane, cyclohexane or propylene glycol), pressure-swing adsorption, or membrane separation. For example, the corresponding energy consumption has been estimated at 10 MJ/kg of ethanol for azeotropic distillation using pentane as entrainer, or 5 MJ/kg for membrane pervaporation (Kumar et al., 2010). To estimate the energy consumption for the present process, the low value in this range, 5.0 MJ/kg, is used. In the present model, the ethanol-water separation is incorporated by setting components splits to the product streams.
RESULTS
Key Performance of the Process Concepts
Table 3 summarizes the key performance indicators. The biomass gasification and electrolysis, which accounts for the majority of the electrical power requirement, are both at reasonable scale for a future decentralized production facility. The biomass feed composition and flow rate is identical in all cases. In case C, the output of ethanol is maximized by adding additional CO2 to methanol synthesis. However, the increased requirement of hydrogen in methanol synthesis and acetic acid hydrogenation leads to a higher electrical input to electrolysis.
TABLE 3 | Key performance indicators of the process in cases A–C.
[image: Table 3]Compared to case A, the electrical power in case B is substantially reduced due to more efficient conversion of the syngas to carbon monoxide in the electrically heated reformer. The split fraction of the syngas directed to methanol synthesis prior to membrane separation is higher, and the composition of that stream is very rich in carbon monoxide, leading to a lower hydrogen consumption in the methanol process. A lower hydrogen consumption can be explained by the stoichiometry of the conversion of CO2 and CO to methanol, the molar ratio of carbon to hydrogen for methanol synthesis equal to 3:1 and 2:1, respectively. Therefore, in case B less hydrogen is required. The more efficient conversion of carbon monoxide to methanol in the reactor leads to a lower purge stream from the recycled unreacted gas which results in a slightly higher CE in comparison to case A.
The CE is above 90% for all investigated cases. The highest CE is found for case C, at 91.1%. Major losses in the process chain are purge streams, unconverted carbon in gasification and undesired side products including char and ash. Nevertheless, the losses are very small throughout all process steps. The high CE represents efficient utilization of carbon contained in the biomass feed. The CE in case C, calculated in terms of the biomass input, is increased by the additional CO2 input to methanol synthesis, resulting in increased formation of methanol, acetic acid, and finally ethanol.
The highest PBtL efficiency was reached in case B. The efficiency in case C and A is lower than in case B since more hydrogen is required in methanol synthesis. Compared to case B, more CO2-rich synthesis gas is input to methanol synthesis in the other cases, leading to higher hydrogen requirement following the methanol synthesis stoichiometry.
Mass Balance
The calculated mass balances are summarized in Table 4. All flows are scaled to a product output of 1 t ethanol. It can be seen that the upstream mass flows to the Cativa process differ substantially, while the mass flows after the Cativa process are similar since the technologies and settings of the models used are equal for all three cases.
TABLE 4 | Mass balance of case A–C (t per t of ethanol produced).
[image: Table 4]It can be observed that for t of ethanol 1.1–1.05 t dry biomass is required, which equals 1,350–1,410 L of ethanol produced per t of biomass. This is considerably higher than typical yields (200–300 L per dry t of biomass) in forest biomass based bioethanol production (Frankó et al., 2016).
In all cases, there is enough oxygen produced in electrolysis for the operation of the gasification process. Excess oxygen can be sold. The oxygen surplus is 0.58 t per t ethanol in case A and B and 0.68 t per t of ethanol for case C. Case C has the lowest biomass input of all three cases. However, to compensate for the lack of carbon in case C, additional carbon dioxide is fed to methanol synthesis. An obvious trait of case B is the lower hydrogen consumption in methanol synthesis. This is due to the fact that in electrical reforming no combustion reaction takes place, resulting in higher yields of hydrogen and carbon monoxide. This results also in a lower water production as side product compared to Cases A and C.
Energy Balance
The Sankey diagrams presented in Figure 6 illustrate the energy content of feedstock, product and intermediate streams for each case. In the diagrams, electricity for electrolysis is included but electrical energy required for pumping or compression are neglected. Heat used in the different process steps is balanced and only one input or output heat stream is shown. In the diagram also the losses i.e. conversion of the chemical energy content of the streams into heat can be seen in each process step and it can be noted that the losses in the last step acetic acid hydrogenation appear to be small compared to the previous steps. More detailed results related to the heat balance and power consumption can be found in the Supplementary Material. A simplified analysis shows that enough heat can be recovered to make the process self-sufficient in heat. It can be observed that there is considerable amount of high temperature heat available (Supplementary Table S19 in the Supplementary Material). This heat could be used for production of high-pressure steam for power generation, for instance. Such integration of the process to a power plant could increase the overall efficiency but was not considered here.
[image: Figure 6]FIGURE 6 | Sankey diagram illustrating energy flows and losses for case A-C.
Economics
Based on the economic evaluation of the plant, the resulting levelized cost of ethanol is depicted in Figure 7. The exact values corresponding to the figure can be found in the Supplementary Material. The production cost for the cases ranges from 85.8 €/MWh for case A 6x to 141.9 €/MWh for case A 1st. These values correspond to 0.51 €/l and 0.86 €/l, respectively. Case B shows the lowest levelized cost of the cases A–C, while the highest levelized cost is found for case C. In all scenarios, electricity consumption has the highest impact on the levelized cost. The fixed capital investment has been estimated to be approximately 78 M€ for case A. It should be noted that the capital cost estimate is only intended as order-of-magnitude estimate with ± 50% accuracy.
[image: Figure 7]FIGURE 7 | Levelized cost of ethanol for the cases A, B and C, and additional cases A 6x (6-fold production capacity of case A) and case A first (cost estimate corresponding to first-of-kind plant.).
The sensitivity analysis in Figure 8 shows the effect of key parameters on the ethanol production cost. The analysis is only shown for case A but similar results are found for Cases B and C. The electricity price shows the highest influence on the ethanol cost. With a 30% increase in electricity price, the ethanol cost is increased by 14% to 122 €/MWh. Compared to the electricity cost, the impact of investment cost and biomass cost less significant. For instance, increase of 30% in the investment cost results in a 7% increase in the ethanol price. The effect of oxygen sales price is negligible.
[image: Figure 8]FIGURE 8 | Ethanol cost sensitivity analysis for case A. Base ethanol cost 107 €/MWh. Base parameter values: Cbiom = 20 €/MWh, Celec = 45 €/MWh, Cox = 50 €/t, annuity of investment 7.7 M€/a (fixed capital investment 78 M€).
CO2 Balance
The calculated emissions for ethanol are based on the CO2 emissions from electricity and biomass supply, and a credit for added CO2. The results are presented in Table 5. Obviously, the emission factor of the utilized electricity has a major impact on the CO2 emissions as it can be seen in the difference between the results for the German and Finnish electricity mix. Case A reaches the lowest emissions for the Finnish grid mix. For the German grid mix, case B reaches the lowest CO2 emissions.
TABLE 5 | Calculated emission factors for produced ethanol.
[image: Table 5]For gasoline, the emission factor is 69.3 g CO2/MJ (IPCC, 2006). The utilization of the German grid mix would lead to considerably higher greenhouse gas emissions compared to gasoline. However, with the Finnish electricity mix, a reduction of up to 75% in greenhouse gas emissions in comparison to fossil gasoline is reached in case A. In case C, the reduction is slightly less, at 70%.
The marginal emission factor for electricity is calculated as the maximum emission factor for electricity to stay below a certain emission factor for the ethanol. For the CO2 emissions to be equal to fossil gasoline, marginal emission factors of 230, 252, and 217 g CO2/kWh for the Cases A–C are calculated, respectively. In order to reach a 70% reduction in the emission factor of ethanol compared to fossil gasoline, the marginal electricity emission factors for Cases A–C are 68, 74 and 64 g CO2/kWh.
DISCUSSION
Variable Geographic Operation of Subprocesses
In this paper we presented a process for the production of ethanol based on successive subprocesses located at the same site. The concept offers the possibility to separate the production processes at two sites. For instance, the biomass gasification, methanol production and acetic acid synthesis can be located at one site. A requirement for this site is good availability of biomass. As synthesis gas with a 1:1 ratio of H2/CO is needed for methanol and subsequent acetic acid production, a high carbon efficiency for the conversion to acetic acid can be achieved with low additional hydrogen input. For successive hydrogenation, acetic acid would be transported to another facility with good availability of renewable electricity for electrolysis. Because acetic acid hydrogenation only involves low loss losses of chemical energy as seen in Figure 6 the ‘hydrogen to fuel’ and ‘power to fuel’ efficiency would be high for acetic acid hydrogenation using water electrolysis into ethanol. Furthermore storage of acetic acid as intermediate product would enable flexible production of ethanol when and where cheap, renewable power would be available.
In addition, acetic acid for hydrogenation to ethanol could be retrieved from different sources including biotechnological processes. Another option would be the use of acetic acid- or methanol-containing evaporator condensates from chemical Kraft pulp mills as co-feedstock, as described by Driessen et al. (2000). It should be noted that carrying out hydrogenation at separate location would affect heat availability within the overall process as calculated in this paper, and external heat would be needed to satisfy the heat demands of ethanol separation and purification.
Comparison With Other Production Routes for Renewable Fuels
The results of this study are compared with literature data on other processes for the production of ethanol (Table 6) (Comparison With Other Production Routes for Renewable Fuels), and with other processes for the production of fuels based on biomass gasification and hydrogen from water electrolysis (Comparison With Other PBtL Routes).
TABLE 6 | Comparison with alternative ethanol production routes.
[image: Table 6]Comparison With Other Production Routes for Renewable Fuels
In Table 6, the results are compared with alternative ethanol production routes. The comparison includes two processes based on gasification, one process based on fermentation and one process based on chemical conversion of dimethyl ether (DME). The CE of every alternative process is far below the CE of the process configuration presented here. The lowest CE of 26% is reported for fermentation of cellulosic biomass. However, as described in the introduction section by-products for example upgraded biogas (biomethane) production can increase the transportation fuel yield significantly. Higher efficiencies into liquid fuel were reported for the hydrogen- and CO2 based process presented by Schemme et al. (2020). The CE of the process presented here is above 90%, representing tremendous improvement compared to the referenced ethanol production processes.
Frankó et al. (2016) present a fermentation process based on forest biomass feedstock such as sawdust and shaving, fuel logs, or early thinnings, with an energy yield of 25–30%. The relatively low efficiency including only the energy yield of the ethanol product is explained by the significant recovery of biomass energy content in by-products such as biogas and pellets. The energy yield of mixed alcohol synthesis, as reported by Dutta et al. (2012) is also relatively low. Compared to these routes, higher energy efficiencies can be reached by the gasification-based process as presented by Zhu and Jones (2009). In line with the high CE, the energy yield of the present process is also high compared to the referenced processes.
Brown et al. (2020) estimate the production cost of cellulosic ethanol in a range from 103 to 158 €/MWh. For ethanol from lignocellulosic biomass, the production cost ranges from 85 to 158 €/MWh. Future prices are optimistically estimated to be as low as 71 €/MWh. Compared to the production costs reported there, the process concepts presented in this study appears very competitive. The worst case calculated here is case A based on the first plant cost, with a production cost of 141.9 €/MWh. That cost would still be in the range of costs for ethanol produced from cellulosic or lignocellulosic biomass. The cost of conventional first-generation ethanol, for US-based production that is strongly linked to corn prices, has varied approximately between 45 €/MWh and 60 €/MWh in recent years (Iowa State University, 2019).
Comparison With Other PBtL Routes
Table 7 gives an overview of studies investigating the production of fuels based on combined biomass and electricity feedstock. All studies are based on the gasification of biomass. Most often, the syngas is converted via FT synthesis. One study considers the production of methane and gasoline via methanol. Because of varying assumptions and boundaries, a direct comparison between these studies is difficult. Nevertheless, some general conclusions can be drawn.
TABLE 7 | Reference studies of combined biomass/power to fuel processes.
[image: Table 7]First of all, the CE of the BtL process can be tremendously increased by the addition of supplemental hydrogen from electrolysis, following the PBtL scheme. In some studies, the amount of hydrogen added to the process has been varied, and higher hydrogen addition has been found to lead to a higher CE with hydrogenation of CO2 instead of removal from the process. Consistent results are found here, as the CE of all three cases presented, at above 90%, indicate efficient utilization of biogenic carbon. The losses due to side products and purge streams are very low. Compared to referenced PBtL routes, the CE is in the range of FT processes with maximum hydrogen input. FT processes with below maximum hydrogen input have remarkably lower carbon efficiencies. The methanol-to-gasoline (MTG) process based on oxygen gasification studied by Hannula (2016) only reaches a CE of 79.4%.
The process efficiencies calculated in this paper range from 53.6 to 57.3%. In reference studies, the highest PBtL efficiency of 65.6% was reported by Hillestad et al. (2018) but at assumed electrolysis efficiency of 100%, compared to 60% in the present study. Compared to the present study, the higher overall efficiency of the referenced process is explained by the higher electrolyzer efficiency.
However, the economics of BtL process configurations have been found more viable compared to PBtL concepts under present conditions. In direct comparisons between BtL and PBtL, Bernical et al. (2013), Hannula (2016) and Dietrich et al. (2018) report higher fuel cost for the PBtL process. However, fuel cost from a PBtL process was found lower compared to a PtL process without biomass input (Dietrich et al., 2018). Thus, it appears likely that the relative competitiveness between BtL, PBtL and PtL schemes is largely driven by the difference in feedstock costs, i.e., the cost of biomass and renewable electricity. At present, the lower cost of biomass seems to overweigh the efficiency and yield benefits provided by electricity-powered hydrogen supplementation. In addition to renewable electricity cost, the competitiveness of PBtL is also affected by electrolysis costs. With continuing decreases in both (IRENA, 2020), the economic feasibility of PBtL processes is expected to improve.
Dossow et al. (2021) calculated CO2 emissions for using the German electricity mix. The values are in the same range than the values we reported in this paper for German grid mix.
Outlook
The proposed production route has already a very high carbon efficiency. General improvements in the established synthesis steps considered within the overall process cannot be expected, with the exception of acetic acid hydrogenation. This subprocess has a relatively low maturity level compared to the other process sections. Due to the resulting limited data availability, only a simplified and non-optimized process model was developed for the acetic acid hydrogenation step in the present study. More detailed process modelling and optimization could further improve the results in terms of energy efficiency and costs; on the other hand, these improvements could be offset by more detailed consideration of side reactions and other process details.
Additionally, efficiency gains can be expected for the production of hydrogen from water electrolysis. The efficiency of alkaline and proton exchange membrane electrolyzers is expected to increase in the future (IRENA, 2020). Another upcoming technology in the field is solid oxide electrolysis (SOEC) that operates at higher temperatures (700–900 °C). The gasification and reforming process can provide the required high temperature heat by-product. SOEC has a high efficiency for hydrogen production. The stack efficiency, not including auxiliary electrolyze components, can reach 100% which is significantly higher than 63–71% efficiency in alkaline electrolysis (Buttler and Spliethoff, 2018). However, the downside of SOEC is currently the low maturity, high investment costs (>2000 €/kW), and problems related to stack degradation (Buttler and Spliethoff, 2018), which cause a barrier for utilization of the technology in large-scale operation.
SOEC electrolyzer was employed in the PBtL study by Hillestad et al. (2018) (Table 7). The overall energy efficiency of the FT process presented there is significantly higher than in comparable studies. Koponen and Hannula (2017) also showed that the CO2 balance can be improved at higher electrolyzer efficiency. In general, they showed that the combination of biomass and electricity as feedstock is superior in terms of CO2 emissions compared to comparable processes only based on electricity. The lower CO2 emissions of the PBtL path compared to the PtL path were also confirmed by Dossow et al. (2021).
Overall it can be concluded that second generation bioethanol produced by fermentation or via gasification from lignocellulosic raw material which is available in bigger quantities than first generation starch based materials, generally produce fuel with lower carbon footprint but has higher production cost than first generation fuels such as ethanol. The PBtL process in this study can increase biofuel yield per ton of dry biomass even five-fold compared to second generation ethanol production by fermentation. Furthermore the production cost is similar, when electricity with a reasonable price is available. In the future society with limited amount of lignocellulosic biomass, but increasing amount of renewable electricity available PBtl process can help to overcome the raw material limitations of lignocellulosic biomass based fuel production. It can also produce fuel with a low carbon footprint when low carbon footprint power is available. The PBtL production process studied here require more process step compared to for example biomethanol production however it can produce acetic acid as intermediate product with a high carbon efficiency from biomass. Acetic acid can subsequently be converted with a high efficiency at different location and/or different time into ethanol using for example hydrogen derived from wind or solar power, which help balancing the production and consumption of renewable power. Additionally, if all the carbon is originated from biomass no CO2 capture process is needed. A benefit in this process the synenergy between oxygen gasification and electrolysis, because all the needed oxygen for gasification and reforming can be produced as by-product in the electrolysis.
The overall economics of PBtL, and the optimum degree of hydrogen supplementation, are largely dependent on the cost of electricity. The emissions profile of such processes would be the most favorable when powered by renewable electricity only. However, full or partial operation based on non-variable electricity sources (e.g., grid) can reduce the present-day costs and relax the requirements on system flexibility that might be incurred on renewable-only based PBtL processes.
The calculation of the marginal emission factor shows which emission factor for electricity is required to reach a given emission reduction. The marginal emission factor can be compared to the emission factor for a particular electricity source and location to identify favorable implementation options. The electricity supply in many countries is already based on low greenhouse gas emission technologies and further reductions in specific emissions are expected, increasing the applicable locations for the presented process concept. Already nowadays, the emission factor of electricity in many countries [for example Sweden with 9 g CO2/kWh and France with 51 g CO2/kWh for the years 2020 (European Environmental Agency, 2021)] is below the marginal emission factor calculated here.
CONCLUSION
The paper presented a production process forethanol based on biomass gasification and hydrogen from electricity. Three cases were investigated. Most technologies used in the process concept can be considered mature technologies. Besides mass and energy balance we performed an economic evaluation and CO2 balance calculation. The main findings are:
− The production route has a very high selectivity towards ethanol. Since by-product formation is low and material purges are small, the carbon efficiency of all cases is above 90%. The carbon efficiency is competitive with other hydrogen assisted processes based on biomass, such as FT synthesis.
− Case B with electrically heated reformer shows the highest PBtL efficiency since the conversion of biomass input to carbon monoxide is the most efficient. As a result, the hydrogen demand is lower, reducing the power required for electrolysis by 8% compared to case A. Electrolysis is an inefficient conversion step with a significant influence on the energy efficiency of the overall system. In general, the energy efficiency of all cases is comparable to other biomass and hydrogen-based production routes. Electrical reforming is an important technology for higher efficiency syngas conversion. Therefore, this technology should be investigated further.
− Case A and C use more proven technology for reforming of tars and methane and case B would need more verification that the tar content in the produced synthesis gas would be low enough for further synthesis.
− Case B can produce maximum yield of ethanol with the illustrated concept, without additional CO2 addition and needing less input of hydrogen from electrolysis, On the opposite in case C somewhat more ethanol can be produced but additional CO2 input and more hydrogen from electrolysis are needed.
− The calculated product price of ethanol was evaluated to range from 90 to 109 €/MWh or 0.53–0.67 eur/L. Due to the electricity demand of the electrolyzer, electricity accounts for roughly 42.3%–47% of the production cost. Added revenues from sales of excess oxygen are negligible. The second largest fraction of the production cost is the annuity of investment. The production cost for a first-of-its-kind plant is expected to be higher, and was calculated at 143 €/MWh or 0.86 €/L. It can be concluded that: the production cost is on competitive level compared to lignocellulosic fuels however the cost is sensitive toward the price of electricity
− Economies of scale were investigated by evaluating the economics for a case A configuration plant with a 6-fold production capacity. As a result, the production cost was reduced by 20% to 90 €/MWh or 0.55 €/L. This is even below the typical cost range of cellulosic ethanol production according to Brown (2015) (100-150 €/MWh)
− The process concept offers the possibility to split the production process in two separate plants at two different locations. The first plant produces the acetic acid at a location of high biomass availability. At the other location, the hydrogenation is performed at a site with high availability of electricity, and/or demand for fuel.
− An assessment of CO2 emissions for ethanol showed that with the Finnish grid mix, the emission factor can be tremendously decreased compared to fossil gasoline. Using the grid mix also offers the option to have high full load hours for the electrolysis which improves the economics of the process. With high emission grid mix for example German grid mix currently the process cannot produce lower fuel with lower emissions compared to fossil gasoline. In such case grid mix has to become greener in order to effectively avoid emissions or alternative only green electricity from wind or solar power could be used.
− Competitiveness of the process based on renewable electricity only, representing the most favorable option in terms of the emission factor, is expected to improve with decreases in generation costs. However, such operation may increase the flexibility demands for the overall system. 
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