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Abstract This paper first focuses on the environmental benefits of the CCS system applied to a bio-ethanol distillery before estimating its feasibility under geological and economic constraints. First, the calculation of CO2 balance in this application shows that the introduction of CO2 capture and storage in biomass energy systems (B-CCS) can significantly increase the CO2 abatement potential of the system and even leads to negative carbon emissions. Besides, a preliminary geological investigation reveals that the studied area has a good storage potential although the presence of major faults, while the low capture costs of CO2 from biomass fermentation emphasize the economic potential of such a solution. © 2009 Elsevier Ltd. All rights reserved Keywords : carbon capture and storage, carbon negative bio-fuels, geology, seismic interpretation, economic evaluation, carbon balance.



1. Introduction Worldwide CO2 emissions resulting from human activities amount to 30 Gt/year. Only half of these emissions is absorbed by the oceans and the vegetation. As a result, about 3.5 Gt of carbon accumulate each year in the atmosphere [1], and the concentration of GreenHouse Gas (GHG) has risen by 50% (CO2 by 31%) in the span of just one century. Consequences of these GHG emissions are well known (see [1] for instance): ocean acidification and global warming. The stabilization of the atmospheric CO2 concentration will therefore require CO2 emissions to drop well below current levels. To reach this goal, several available strategies have been identified by Pacala and Socolow [2],
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including demand reduction, efficiency improvements, the use of renewable and nuclear power, and carbon capture and storage (CCS). The capture and storage of CO2 from fossil fuel combustion is gaining attraction as a means to deal with climate change. This technology can contribute to significant reductions in atmospheric CO2 concentrations. However, there are still technological and economic barriers preventing its large scale deployment. The most important barriers are the high cost of the capture and the safety of long term storage (An unsuitable selection of the storage location may lead to CO2 leakage back into the atmosphere). Another barrier to mention is that fossil-based energy systems with CO2 capture and storage will always give rise to positive net CO2 emissions. With a capture efficiency of 90%, only 75% to 85% of the emitted emissions from a fossil fuel power plant with CCS can be stored [3] (cf Figure 1). It is mainly due to the new upstream emissions from fuels and material procurement and new downstream emissions from capture process and transport.



Figure 1. A: Illustration of main GHG emission sources for a fossil fuel power plant without (purple) and with (purple + yellow) CCS system. The CO2 which is captured and stored is illustrated by the green box. This graph underlines the existence of upstream and downstream GHG emissions that could not be stored like material and fuels production, power plant constructions, etc… B: Estimation of the magnitude of the GHG emissions and storage using the same color code as the figure 1A.



The main advantage of carbon capture and geological storage from biomass is to remove most of these barriers. Actually, any bio-fuels that draw carbon form the atmosphere during the growing of the biomass can become carbon negative by storing a portion of the biomass carbon into the soil. Consequently, carbon would be removed from the atmosphere while, at the same time, energy needs would be fulfilled [5]. Moreover, the purity of the CO2 produced by the fermentation process should reduce the capture costs, and then ensure a better economic viability of the CCS system. Based on these qualitative observations, the aim of CPER Artenay project, which has begun on January 2008 and will end in December 2010, is to quantify the environmental benefits and the technico-economic feasibility of storing the CO2 issued from the bio-ethanol distillery. The study is located within an area of 500 km2 between Orléans and Pithiviers in France (cf. Figure 3). This zone is particularly attractive because of the presence of at least two sugar beet distilleries, which produced more than 100 000 m3 of bio-ethanol in 2005, and two important geological storage locations: the Dogger and the Keuper deep saline aquifers. This paper will first focus on the environmental benefits of the CCS applied to the distillery before estimating the potential storage feasibility under geological and economic constraints. The geological aspect relies on the geological conceptual model built up from the interpretation of 300 km of seismic line and wellbores data analyses. The economics aspect consists in the estimation of direct cost (capture, transport by pipeline, drilling, injection, monitoring) and indirect cost (insurance contract, local acceptability) as well as the incentives needed to ensure the deployment of the technology. 2. Biomass-CCS system description and first estimation of the environmental balance



2.1. Bio-ethanol production process from sugar beet fermentation The production of bio-ethanol from sugar beet fermentation is economicly attractive for sugar refineries. In fact, during the industrial process of sugar refinement, it is not technically and economicly feasible to extract all the
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sucrose from the “beet syrup”. According to Pennington [6], at least 18 kg of sucrose remains in molasses (i.e. the residual syrup) per ton of sugar beet exploited. This is a low-commercial value by-product of sugar production which is used for ethanol production by fermentation process. However, according to the sugar production needs, bio-ethanol can also be produced from all the sucrose contained onto the sugar beet (i.e. 16% of the beet content). The fermentation principle is to convert the saccharose (C12H22O11), which is extracted by diffusion from the beet roots to the syrup, into carbon dioxide and ethanol (C2H5OH) following the simplified chemical reaction: C12H22O11 + H2O Æ 4 C2H5OH + 4 CO2



It is an anaerobic fermentation catalyzed by an enzyme which is produced by the Saccharomyces cerevisiae yeast. Due to the creation of by-product and yeast, the yield is about 94.7% of the Gay-Lussac one. Consequently, 50.95 kg ethanol and 48.73 kg CO2 are produced from 100 kg of saccharose. Thus, for each cubic meter of bioethanol produced, about 0.76 ton of almost pure CO2 is emitted from the fermentation process (density of bioethanol = 794 kg/m3). 2.2. Environmental benefits In order to describe properly the environmental balance of this system, we must take into account all the inputs from framing, distillery and capture processes necessary for ethanol production. For the sake of clarity, we will consider here the ‘extreme’ case where all the sucrose from the beet is used to produce bio-ethanol. In fact, in the real case, the carbon balance of bio-ethanol production should be even better because it is mostly distillated from a byproduct. Under these considerations, the ADEME and DIREM study [4] leads to the GHG balance of sugar beet ethanol which is summarized in table 1. The comparison of bio-fuels emissions with fossil fuels emissions underlines the benefits of bio-fuels in GHG emissions reduction (about 60% of GHG emissions reduction). The GHG balance of petrol and diesel is also reported in this table as reference states. In order to take into account the relative influence of the several GHG on the global warming, a weighting coefficient is applied to their flow for the calculation of the “Greenhouse Effect”. Consequently, the CH4 flow is balanced by a factor 23, while the N2O flow is balanced by a factor of 296 in order to obtain the CO2 equivalent flow. It is also important to emphasize that the CO2 emissions that come from biomass (emitted during both the biofuels combustion and the biomass fermentation) are not taken into account in these results. As a matter of fact, we can consider that these emissions are included in the natural carbon cycle. Therefore, they do not contribute to the accumulation of GHG into the atmosphere. The GHG emissions for the sugar beet are mainly due to the industrial processes (about 80%), so that both farming and transport processes contribution is only about 20%. Table 1. CO2 balance of both biomass and fossil fuels systems from the ADEME and DIREM study [4]. The balance takes into account the production/culture, transport, refinement/distillation industrial processes, distribution and combustion (for fossil fuels) inputs. Greenhouse effect index



Petrol



Diesel



Sugar Beet ethanol



In geq CO2/MJ



85.9



79.3



33.6



In teq CO2/m3 of fuel



2.76



2.85



0.72



To reduce the GHG emission of the global refinery-distillery system, the first option should be to capture the CO2 from the fermentation process and from the natural gas power plan that provides electricity and steam needs of the refineries (about 70 % of the energy inputs). We can estimate that such a power plan leads to an emission of 0.4 ton of CO2 per MWh. The capture and storage process will lead to additional energy costs. From the Lindfeldt and Westermark [9] estimation, we get 0.12 MWh/tCO2 for the fermentation and 0.3 MWh/tCO2 for the combustion with a capture efficiency of 90%. Then, assuming that 100% of the CO2 from the biomass-CCS system and 80% of the CO2 from the power plant-CCS system can be stored [3], the capture process leads to additional energy needs of 0.23 MWh/m3ethanol. Under these considerations, 0.72 ton of CO2 from biomass and 0.47 ton of CO2 from fossil fuels will
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be stored per unit of cubic meter of bio-ethanol produced while only 0.34 ton of CO2 will be released into the atmosphere. Then, the GHG emissions are about 33% lower than the amount of biomass-CO2 stored and the carbon balance of the overall system is strongly negative (cf. Figure 2A).



Figure 2. CO2 balance of the Biomass-CCS system studied in the context of the CPER Artenay project. A: capture and storage of both CO2 from biomass and from the natural gas power plant and B: capture and storage of the CO2 from the fermentation process alone.



The second option would be to capture and store only the CO2 that comes from the fermentation process (cf. figure 2B). In this instance, the same analysis leads to a GHG emission from fossil fuels of 0.75 teqCO2/m3ethanol, which is very close to the amount of CO2 stored from the fermentation process leading to a neutral or even slightly negative carbon cycle. In conclusion, it seems quite obvious that biomass-CCS system is a key instrument for reducing CO2 emissions. A negative carbon emission could become a reality. However, the implementation of this technology will also depend on the geological feasibility of the storage and on the economic viability of the all system. The following section presents the preliminary geological investigation of the studied area which will ultimately give clues to identify a safe storage location near the distilleries 3. Geology of the injection site The studied area is located in the south of Paris Basin close to Orléans (cf. Figure 3). This region is known to have an interesting geological potential for the CO2 storage [1]. The aim is to determine the injection area and to evaluate the geological feasibility of the CO2 storage in deep saline aquifer. 3.1. Overall geological setting The Paris Basin (s.l.) extends from the London basin, the North Sea, the Channel and its Atlantic margin to the Hercynian basement edges (Massif Central, Massif Armoricain, Ardennes, Vosges…). It is filled with up to 3000 m of sediments that corresponds to a 250 myr-long sedimentary cycle. First, a transgressive phase took place from the Permian lakes to the Jurassic carbonate platforms, and then a regressive phase started from the Cretaceous with the development of continental environments which have permanently settled since the Oligocene [10]. This long-term trend matches the tectonic history of the basin. An extensional context in relation with the rifting phase of the Tethys Ocean created normal faults in the Permian that remained active during the Jurassic. A first compressional (uplift) phase occurred during the Early Cretaceous, but subsidence of the basin got over it during the Late Cretaceous. The Tertiary tectonics was mainly compressional in relation with the Pyrenean and Alpine phases although a brief extensional episode set during the Oligocene. The Tertiary geodynamics of the Paris Basin is at the origin of its present-day structure [11]. The main lithologies found in the formations of the Paris Basin comprise alternation of sandstone, limestone and shale. The Triassic corresponds to sandstones and shales, the Jurassic is mainly composed of limestones and shales, the Lower Cretaceous is mainly made of sandstones, the Upper Cretaceous contains chalk and the Tertiary shows sands, shales and limestones, but it only appears in the south and the center of the basin.
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Among the various aquifers that geologists listed, two were selected because of their large extension, salinity (i.e. not suitable for alimentary nor agriculture use) and depth (over 800 to 3000 m) that ensure the feasibility of CO2 storage under supercritical (P>73.9 bar and T>31.1°C) state, a necessary condition for deep geological storage [1]. The Dogger (Middle Jurassic) aquifer is made of (oolitic) limestone and the Keuper (Upper Triassic) aquifer is made of sandstones. In a reservoir study, the cap rocks (cover) are of primary interest in order to avoid upward leakage. This role is played by the Lower Jurassic shales and the Upper Jurassic marls which both have a high porosity and very low permeability. 3.2. Stratigraphy of the aquifers and their cover The stratigraphic data used in this preliminary study come from three wells located in the studied area (Rébrechien, Montvilliers and Sully-la-Chapelle; Figure 3). The Triassic aquifers comprises two main sandy bodies (alluvial fan deposits), the ‘Grès de Donnemarie’ Formation and the ‘Grès de Chaunoy’ Formation. These are made of sandstone, dolomite and/or shale with, sometimes, dolomite in the upper part (cf. Figure 4). The Triassic aquifers are capped by the Upper Triassic/Lower Jurassic continental shales. Eventually, the real cover is represented by the shales of the Pliensbachian and Toarcian. The Triassic sandstones contain a regional saline aquifer going from Berry to Brie with a salinity of 35g/l, a temperature of 74°C and an iron rate of 36 mg/l (from Melleray geothermic well located at 18 km south of Artenay). In the studied area, the Dogger shows different lithologies on both side of the Sennely fault (Fig. 4). Bioclastic and oolithic limestones with marls at bottom composed the western part. The eastern side is filled with limestone overcome by a high thickness of marls, oolithic limestone and finally a layer of marls. The overall is recovered by shale and shaly limestone with high amount of bioclasts (shells), in the western part and by marls in the eastern side. The Dogger aquifer is composed of a mixed of marine and meteoric water; estimated temperature and salinity are 53°C and 20 g/l. The Dogger aquifer is capped by the Upper Jurassic deposits, composed of marls and marly limestones with a high difference of thickness between each side of the Etampes fault. The Triassic and Dogger aquifers seem to have quite good reservoir properties. The ‘Grès de Chaunoy’ Formation has a high porosity and permeability as well as the Dogger oolithic limestone. More precisely, the Triassic has a primary porosity whereas the Dogger aquifer has a fracture porosity that enhances the primary porosity of oolitic limestones. The aquifers geometry is very different from one to the other. The Triassic sandstones are made of connected sandy bodies (lenses) including some shales, and lateral shifts of facies are very common (continental sediments); comparatively, the oolitic and bioclastic limestones are much more continuous sedimentary body, but at the scale of our study, the presence of shales /shaly limestone to the East has to be taken into account in the choice of the injection site. Moreover, heterogeneous cementation of the oolitic limestones will have to be considered for a suitable geological model.



Figure 3: Location map of the studied area.
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3.3. Structural analysis of the study area Although it is an intracratonic basin, the Paris Basin has inherited faults from the Hercynian (Variscan) orogeny, which were reactivated during the Triassic and the Jurassic in an extensional context. Three groups of faults can be distinguished, according to their main direction (Gély and Lorenz, 2006). A first one has a N-S direction and divides the south of Paris Basin into three structural blocks, the Armorican, the Biturige and the Bourguignon blocks, from West to East. The Sennely and Sully-sur-Loire faults belong to this group, the first one being the limit between the Armorican and the Biturige blocks. A second group is the Armorican fault system, with major trends NW-SE to WNW-ESE. It affects the basement with blocks tilted northward. The third group concern SW-NE faults; they are restricted to the very south and have a lesser effect on the sedimentary geometry. All these faults were active during the Triassic and Jurassic times, causing large heterogeneities in thickness from one tilted block to another. From this background information, a seismic study has been done to characterize the geometry of these faults and to identify other ones. Results, reported in Figure 4, lead to the identification of three normal faults that cross the area among which the Etampes fault which affects all the formations from the basement to the lower Cretaceous. The Etampes fault has been reactivated during the Aptian (Early Cretaceous) with a reverse displacement and separates the western part from a more subsident area to the East where the thickness of deposits increases. The throw of this fault decreases towards the north and with depth. The Lower Cretaceous shows a higher throw than the Triassic and the seismic line LOIR4 shows a lower one than the LOIR1. The throw of the two others faults decreases with depth and correspond to the Sennely fault to the South and the Sennely fault extension in the western edge of the map.



Fig.4. Illustration of faulting activity during the Mesozoïc. Four seismic interpretations remarkably show the synsedimentary activity of faulting during Triassic (purplish and pinkish colours) and Jurassic (blue colours) times. The isohypse map of the Kimmeridgian top highlights the dipping towards East
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The general trend of the study area is a sub-horizontal geometry of the beds except close to the faults where bends (drag folds) can be observed. The beds gently dip towards East in consequence of the Etampes fault tilting; it is well shown by the isohypse map of the Kimmeridgian top (Upper Jurassic). In conclusion, the Triassic alluvial deposits and Jurassic carbonate platform deposits of the injection site have good reservoir properties and the Lower and Upper Jurassic shaly deposits ensure a good cover that still need to be studied in more details. Besides, to conclude on the safety of the storage location, a more precise study must be conducted, in particular due to the leakage risk through the Etampes or other faults. 4. Economic optimization and feasibility



4.1. The Capture phase The capture of CO2 is the most expensive part of CCS systems, representing almost two-third of the total costs in the case of a coal power plant. This high cost is mainly due to the CO2 separation process from the incoming gas. However, in our case study, the carbon stream issued from the fermentation process is almost pure. Thus, only a stage of deshydratation is necessary (i.e. the condensation of the water content) and the compression (assumed 110 bars) capture. As a consequence, the efficiency is almost 100% and the cost of CO2 capture is significantly lower than in the case of fossil fuels one: 10$/tCO2 [7-8] versus 60 US$/tCO2 [1]. The total costs will thus be lower than the average of demonstration projects (80-120$/tCO2 abated) and even in the range of early commercial CCS project after 2020 (40-70$/tCO2), after the estimations of McKinsley et al. [12]. Under these conditions, the transportation and storage costs (estimated to be about 25 $/tCO2 [1]) become the main expenses and so need a particular attention. As mentioned previously, two options need to be discussed: the capture from the fermentation process only and the capture from the power plant. However, at first sight, the second alternative should not be economically viable. 4.2. Site location and transport The CO2 transport by pipelines, which is considered as a mature technology, will be studied. The typical cost is between 1 and 8 $/ tCO2 for 250km which is more profitable than truck or rail tankers except on a very small scale. The associated costs have been estimated by several studies and the results summarized in the special report of IPCC [13]. It is then well established that transportation costs depend not only on the distance and carbon flow-rate, but also on local conditions like the topography (rivers to cross, relief), the density of population and the legislation. McCoy and Rubin [14] show that in the United States the price of 100km of pipelines can vary until 30% depending on the area in the United States. The costs will be determined on the whole life cycle (i.e. construction, O&M, monitoring and dismantling). The choice of the storage site is made following the methodology developed for the PICOREF project [15]. It takes into account the geological characteristics to improve the safety but also the vulnerability of the place. The vulnerability can be measured by crossing on the same map the risk of carbon leakage and the economic damages depending on the use of the area (houses, fields, protected areas…) [16]. The map obtained becomes a decision making tool improving the transparency which is a key element for the acceptability by the population. 4.3. Toward a carbon network The opportunity to link another bio-distillery will be discussed, so the CPER Artenay project could constitute the basement for a carbon network in this area. To judge the economic feasibility, the first step would be to make an inventory of the large local sources close to the site of storage (around 100km). Given that around 80% of French electricity is produced by nuclear power, it is necessary to take into account other industries than the electric sector, unlike some precedent studies [17] for Japan. Then, the plants have to be classified in order to determine the priority of connection to the carbon network. The construction of pipelines is indeed expensive and takes a lot of time (in some extent due to legislation). The main parameters to evaluate for each firms and sectors are: the age of the firm compared to life expectancy, the possibility of integration in the European Trade Scheme, the distance to the site of
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storage and the interest to get closer (for instance, Newcomer and Apt [18] show that for an electric generator, the distance to the electric load is more important than those of pipelines), and the loss of competitiveness and plant relocation (namely carbon leakage). The third step consists in the optimization of transport by the use of common pipelines. The results must be compared with other mitigation options to fulfill the European objectives of a 20% reduction in greenhouse gas emissions by 2020 compared to 1999 (30% if an international agreement is concluded), with the aim to cut emissions in half by 2050. In conclusion, this process seems to be a good option to close the controversy about the life cycle of bio-fuels at an acceptable price for the consumer, given that this kind of distillery is included in the European Trade Scheme. In fact, the avoided carbon could be valorized on the carbon market. In addition, this could be a relevant energetic use of biomass compared to the price of an electric bio plant, around 123$/tC for a capacity of 123MWe [19]. 5. Conclusion The purpose of this paper was to present an original system that allows a purification of the atmosphere (negative carbon emission) while producing bio-fuels. The first part focused on the environmental benefits. The calculation of CO2 balance in this application shows that the introduction of CCS in biomass energy systems (BCCS) can significantly increase the system’s CO2 abatement potential and leads to negative carbon emissions. The first geological investigation reveals that the studied area includes two well-known aquifers which have good storage potential. However, due to the presence of faults and high lateral thickness variation, a more detailed study has to be undertaken to ensure the non-permeability of the whole system. From an economic point of view, the low capture costs of CO2 from biomass fermentation emphasize the economic potential of such a solution.
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Models with similar features have automatic defrost, side-mounted freezer,. â€¢ Both cost ranges based on models of similar size capacity. â–½. $94. $37. $94. $72.
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Energy transfers 

Electrical energy. Lighting energy. Thermal energy. Energy transfers. Watch the animation on the site Â« The animals save the planet Â».
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Energy Balance 

d'approvisionnement axÃ© sur le marchÃ©? Devenez membre du groupebilan. BKW, l'un des plus grands de Suisse, et profitez de conditions attrayantes.
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