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[bookmark: _Toc420667385]Summary
This report corresponds to Deliverable 6.300 (Integrated assessment methodology), D6.400 (Case study on 2G bioethanol and Heat & Power generation), D6.500 (Case study of lignin and C5 value chains) of WP6 (Integrated assessment of natural resources value chains) in the framework of the PROETHANOL 2G project.  This project is funded by the Seventh Framework Program (FP7) of the European Union and the Conselho Nacional de Desenvolvimento Cientifico Tecnológico (CNPq) in Brazil. This is part of the EU-Brazil Coordinated Activity plan. In that sense, the Bioenergy and Energy Planning research group (BPE) from the Ecole Polytechnique Fédérale de Lausanne (EPFL) in Switzerland has developed an integrated methodology to assess lignocellulosic biomass based biorefineries that produce bioethanol and other co-products.  The methodology is used to evaluate the economic and environmental performances of selected biorefineries.
[bookmark: _Toc420667386]integrated assessment methodology
Integrated schemes aim to represent multi-product valorization of biomass into energy and other value added products. Part of the process may be at the demonstration stage. In that case, innovative assessment methodology must be used to evaluate the prospective performance of the studied schemes. The methodology used by the BPE Group included the following components (Figure 1): Process description, Energy and materials balances; Value-based techno-economic assessment, Value-based Life cycle assessment, and multi-criteria comparative assessment. The different components are described in this section.  
[image: ]
[bookmark: _Ref315955537]Figure 1 BPE’s methodology of integrated assessment

[bookmark: _Toc420667387]Process description, Energy and Materials balances
This module was presented before in the deliverable WP6.100 based on an Excel platform developed by the BPE using adapted Aspen Plus output provided by NREL.  Further developments of BPE were based on direct use of Aspen Plus V8.6. 
The process simulated in Aspen Plus V8.6 is a modification of the model developed by NREL (Aden et al. 2002). It is divided in different areas: production of sugarcane juice, production of bioethanol and co-products, waste water treatment and cogeneration system. An Excel spreadsheet created in this group, displays the total mass flow of every stream entering and leaving the process and the energy requirements once the simulation is converged. The simulation results are evaluated to check the performance of the plant prior to LCA calculation 
[bookmark: _Toc420667388]Value-based techno-economic assessment
A value-based approach is proposed to perform the techno-economic assessment (Gnansounou and Dauriat, 2010). In this context, several factors such as target cost, market prices of the co-products at the assessment year, or value of the intermediate streams are taken into account. The prospective economic performance (PEP) of the scheme is the difference between: (1) the biorefinery-producer-maximum-purchasing-price (BPMP) of the biomass feedstock, minus (2) the biomass-supplier-minimum-selling-price (BSMP). The biomass to bio-products value chain is not economically valuable if PEP is negative.
[bookmark: _Toc420667389]Value-based LCA
In this paradigm, the whole biorefinery as well as each co-product is subject to sustainability target. In the proposed value-based LCA, the allocation of the environmental burdens is performed according to a value-based economic approach.
[bookmark: _Toc420667390]Multi-criteria comparative assessment
Selected biorefinery schemes are compared according to the value-based economic performance as well as for the value-based LCA. When the weights of the criteria are different, a multi-criteria method is used to develop outranking relations between scheme pairs.
[bookmark: _Toc420667391]2G ethanol and Heat & Power Generation

[bookmark: _Toc420667392]Fuelling the biorefinery with a renewable energy source
In order to obtain heat and power fuelled by biomass residues, a cogeneration system is implemented in the integrated 1G2G scenarios. The purpose of this area is to burn various organic co-product streams along with the biomass not used in the ethanol plant and the 50% GHR removed from the soil. Combustible streams include the lignin and the unconverted cellulose and hemicellulose from the feedstock, biogas from anaerobic digestion, and biomass sludge from the waste water treatment. Burning these co-product streams may also be economically beneficial because of a reduction of the solid waste disposal costs, and possible revenue through sale of excess electricity.
[bookmark: _Toc420667393]Lignin value chains
[bookmark: _Toc420667394]Conversion into carbon fibres and other materials
Lignin can be converted into carbon fibres that can be utilized in advanced composite materials in cars for instance. It can also be used as insulation in the construction sector 
However the feasibility of these value chains depends on the quality of the lignin. According to Greenvalue (one of the partners of ProEthanol2G project) the samples analyzed by them were too high in ash content. That lignin may not be suitable for value added products.
Instead of high value added products, Greenvalue proposed few applications in the task D5.130.
According to Greenvalue, after purification, lignin from bagasse can be used as additive to improve the fluidity of concrete and shows similar performance to commercial additives. It can also be used as partial phenol replacement in some resins.
However, from integrated value point of view, the diversion of lignin for such products may lead to the need of another fuel for the Heat and Power generation.  
[bookmark: _Toc420667395]Lignin as a feedstock of co-generation of heat and Power

Another use of the lignin produced after distilling the fermentation broth is conversion into lignin biofuel pellets. This scheme is illustrated in Figure 2 as an example of a biomass refinery producing bioethanol, C5 molasses, electricity and pellets. This option was also designed by Inbicon using corn stover as feedstock (Kamp, 2012). The market for lignin pellets is already available and the energy content of this material is significant, thus the revenues from this new product are increased. In the proposed desin (Figure 2) 17% of the lignin residue is destined to pellets production. In this case, the cogeneration part of the biorefinery (CHP plant) is fed with the rest of bagasse not used for the ethanol production, the GHR taken from the field, and the rest of lignin. The CHP plant produces the total amount of electricity and steam required by the process. This plant also produces extra electricity that is sold to the grid.
[image: ] Figure 2 Biomass refinery using a heat & power production plant – Integration scheme for production of lignin pellets, ethanol, C5 molasses and surplus electricity from sugarcane. 


[bookmark: _Toc420667396]C5 Value chains
[bookmark: _Toc420667397]Valorization as animal feed
In the biorefinery schemes assessed within WP6, C5 sugars are converted either in 2G bioethanol or in syrup for animal feed according to the IBUS concept (Larsen et al., 2008) as described in D6.100. 
[bookmark: _Toc420667398]Study of integrated schemes
[bookmark: _Toc420667399]Description of the scenarios of integrated schemes
Several integrated schemes were assessed as presented below.
Integration options
Four plants were modeled integrating 1st and 2nd generation. The integration scenarios are as follows:
1. One plant producing sugar and 1G ethanol from sugar cane juice, and only ethanol from bagasse – called SM-OF
2. One plant producing sugar and 1G ethanol from sugar cane juice, and ethanol and animal feed from bagasse – called SM-FF
3. One plant producing only 1G ethanol from sugar cane juice, and only ethanol from bagasse – called ED-OF
4. One plant producing only 1G ethanol from sugar cane juice, and ethanol and animal feed from bagasse – called ED-FF

Energy independency study
In our work, sugarcane bagasse and Green harvesting residues (GHR) are used to produce heat and power in the cogeneration system. However, part of the GHR must be used to regenerate the soil. For one plant integrating 1st and 2nd generation (namely, the plant ED-FF), several models were assessed to identify the energy sufficiency point. So, in each case the amount of GHR to be used as fuel (cogeneration unit) was changed.
1. A plant using no GHR, but using natural gas instead
2. A plant consuming 41.1% of the available GHR
3. A plant consuming 70% of the available GHR
4. A plant consuming 100% of the available GHR
Study on the Size of the 2G plant
Two more models were assessed, where the amount of GHR to be used as fuel was fixed at 50% and where the amount of bagasse used for production of 2G bioethanol was changed:
1. 57% of bagasse used in ethanol production
2. 100% of the bagasse used in ethanol production
Only the first case leads to energy sufficiency.
Life Cycle Impact Assessment
The work that was reported in D6.200 was refined especially concerning the agricultural phase. The operations that were considered include the following:
· Field work
· Production of fertilizers
· Fertilizers application
· Plant protection products
· Transport
· Cane burning
· Vinasse spreading
The impacts that were evaluated correspond to the ReCiPe categories:
· Climate change
· Fossil depletion
· Metal depletion
· Human toxicity
· Fresh water eco-toxicity
· Eutrophication
· Terrestrial acidification

Case of no field burning
· Some ReCiPe categories were also evaluated for the case of Agricultural operations without field burning.
LCA of the whole process
For the case of the Sugar Mill integrated with the Second generation Feed and Fuel production scenario (SM – FF), several impact categories were evaluated for each product. The categories include:
· Climate change impacts
· Fossil depletion impacts
· Human toxicity Impacts
· Eutrophication impacts
· Fresh water eco-toxicity impacts
The products that were evaluated, and compared to reference cases, are:
· Sugar
· Ethanol E 85
· Electricity
· Feed product
Finally, the operations that were considered include (besides the Agricultural operations):
· Transport of raw materials
· Biorefinery

[bookmark: _Toc420667400]Selected Results
The production of 2G bio-ethanol in a stand-alone biorefinery was evaluated by process simulation using different kinds of feedstock. Four scenarios were simulated in Aspen Plus feeding the 2G-plant with sugar cane bagasse or wheat straw. Table 1 shows the composition of both kind of biomass in dry basis (d.b.). Regarding the biorefinery results, sugarcane bagasse showed higher performance than wheat straw for the 2G-ethanol production (Table 2).  This is due to the higher amount of C6 sugars (cellulose, sucrose and glucose) contained in the bagasse that can be fermented into ethanol (see Table 1). However, this difference is not very significant comparing to that obtained selecting a different configuration for the process. As shown in Table 2, the ethanol production is higher when fermenting both hexoses and pentoses in the –OF scenarios (ca. 60% of ethanol increases production) than just hexoses in the –FF scenarios.    
Table 1 Base-case biomass compositions for wheat straw and sugarcane bagasse.
	
	% mass composition (d.b.)

	Component
	Wheat Straw
	Sugarcane Bagasse

	Glucose
	0.0
	0.2

	Sucrose
	0.0
	5.5

	Extract
	9.8
	4.4

	Cellulose
	38.1
	39.1

	Galactan
	0.7
	0.6

	Mannan
	0.3
	0.3

	Xylan
	19.2
	20.7

	Arabinan
	2.3
	1.7

	Lignin
	18.0
	23.4

	Protein
	4.5
	0.0

	Ash
	7.0
	4.1



Table 2. Mass ratio for the conversion of feedstock (sugarcane bagasse or wheat straw) into bio-ethanol.
	Pathway
	Ethanol

	
	kg EtOH/ton biomass (d.b.)

	Bagasse FF 
	177.6

	Bagasse OF 
	296.7

	Wheat Straw FF 
	172.3

	Wheat Straw OF 
	272.4



Regarding the electricity produced by the cogeneration system designed in the plant, the –OF scenarios are those less energy consuming. This is due to the big amount of heat required to produce the syrup in –FF scenarios. As shown in Table 3, the –OF configurations are energetically self-sufficient and provide an excess of electricity that can be sold to the grid (Table 3). 
Table 3. Electricity and heat requirements for the 2G-ethanol production stand-alone plant.
	Pathway
	Surplus Elect.

	
	kWh/ton biomass (d.b.)

	Bagasse FF 
	- 16.2

	Bagasse OF 
	101.8

	Wheat Straw FF 
	- 5.9

	Wheat Straw OF 
	122.7



The integration of a second generation ethanol plant in a conventional ethanol distillery or sugar mill was simulated in Aspen Plus. These configurations use the 57% of the bagasse produced in the 1G part to feed the 2G part of the biorefinery, leaving the rest for cogeneration. Assuming that the plant will only operate during the harvesting season (180 days), the results are shown in Table 4.
Table 4. Yearly amount of products obtained in the 4 integrated configurations evaluated for 1G2G ethanol production.
	Pathway
	Ethanol
	C5 Syrup
	C Molasses
	Sugar

	
	Ml/year
	kton/year
	kton/year
	kton/year

	ED-FF
	236.2
	60.1
	-
	-

	ED-OF
	263.7
	-
	-
	-

	SM-FF
	68.0
	60.1
	49.0
	223.5

	SM-OF
	95.3
	-
	49.0
	223.5



The ethanol production in the 2G stand-alone plant was compared with the one obtained in the integrated 1G2G plant using the same amount of sugarcane bagasse for the 2G part, i.e.1032 ton sugarcane bagasse (d.b.)/day. 
The results showed that the 1G2G-ethanol produced in the ED-FF plant was 36 ton/h higher than the 2G-ethanol produced in the -FF stand-alone plant. On the other hand, the ethanol obtained in the SM-FF scenario was 10 ton/h higher than that obtained in the –FF 2G-plant. In turn, the 1G2G-ethanol production in the –OF configuration was 11% (ED-OF) or 39% (SM-OF) higher than the amount of ethanol obtained in ED-FF or SM-FF respectively.
Table 5. Surplus electricity in the considered integrated scenarios.
	Pathway
	Surplus Elect.

	
	kWh/ton cane (d.b.)

	ED-FF
	-56.6

	ED-OF
	-2.40

	SM-FF
	-0.11

	SM-OF
	0.09



Table 5 shows that integrated scenarios are not energetically self-sufficient. Only the SM-OF can fulfill the utilities required by the plant without purchasing any other fuel source. Because of this, the possibility of feeding the cogeneration system with green harvesting residues was evaluated (Figure 2).

Figure 3 GHR cogeneration for energy independence

Figure 3 compares the level of GHR removal needed to attain energy independence for all the integration scenarios. As can be seen in the figure, 2G pathways integrated to sugar and ethanol production (SM-) would need less GHR removal than 1G pathways integrated to 2G ethanol production with no sugar production (ED-). This is because fermenting and distilling the juice involves a higher energy demand than extracting the crystallized sugar from the juice and fermenting and distilling a more concentrated substrate such as B molasses in the SM scenarios. 
The capacity of the plant was also modified in order to evaluate its correspondence with the amount of ethanol produced. The SM-FF scenario was selected as case study fixing the percentage of GHR used in cogeneration to a threshold level (50%). The size of the 2G biorefinery was firstly increased with all the bagasse produced in the sugar mill (1G part), and then adding 200 ton/day (d.b.) of GHR to all the bagasse available. 
[bookmark: _Ref334636882]Table 6 2G size analyses
[image: ]

In the first line of Table 6 it can be seen that a SM-FF biorefinery produces a surplus of energy of 144.9 kwh/ton of sugarcane (d.b.) using 57% of the available bagasse for ethanol and C5 syrup production and 50% of the available GHR for cogeneration together with the remaining bagasse. The ethanol and C5 syrup production increases along with the size of the 2G part of the integrated configuration. However, in a plant using all the available bagasse (1820 ton sugarcane bagasse/day (d.b.), an energy deficit of 85.5 kWh/ton of sugarcane is noticed. This is related to the electricity generation and steam consumption. Scaling-up the 2G part without sufficient biomass availability for cogeneration result in energy deficits (Figure 4).
[image: ]-146.7
144.9
-85.5
0.85
1.18
1.11

[bookmark: _Ref333537386]Figure 4 2g size simulation results – Electricty generation and steam demand in sm-ff scenarios
A complete analysis could not be made until economic and other environmental aspects were considered. For this purpose, the values obtained by Aspen Plus process simulator were used to perform LCA.  
[bookmark: _Toc420667401]Life cycle assessment (LCA) of sugarcane integrated biorefinery
Figures 5 and 6 show the life cycle impact assessment (LCIA) results for the ReCiPe categories distributed across agricultural operations in the sugarcane production process. A high impact of agricultural inputs can be observed in every graph, especially those incurred by fertilizer production and application. Herbicides, pesticides and fungicides have more impact on human and fresh water eco toxicity categories. 
Cane burning is a source of particulate emissions in the air. It has a considerable impact in the climate change category due to N2O and methane emissions. Thus, it was expected a higher impact on human toxicity, however, due to the fact that these emissions are assumed to take place in low population areas, the impact is reduced. In addition, field burnings are generally scheduled according to meteorological data in order to minimize the impact in nearby urban centers.  According to the egalitarian approach chosen for long-term impacts, methane, NOX and N2O emissions due to cane burning have also an important impact in the fresh water eutrophication category. A phase-out of this practice will significantly reduce the environmental impact of the process. 
[image: ]
[bookmark: _Ref329771363]Figure 5 Distribution of LCIA of sugarcane production according to climate change, fossil and mineral depletion categories.[image: ]
Figure 6 Distribution of LCIA of sugarcane production according to HUMAN TOXICITY, FRESHWATER ECOTOXICITY AND EUTROPHICATION, TERRESTRIAL ACIDIFICATION categories.
The Brazilian Sugarcane Industry Association (UNICA) has signed a protocol to gradually phase-out cane trash burning until 2014 in “mechanizable areas”, and 2017 in non-mechanizable areas (Macedo et al., 2008). Figure 7 shows LCIA results for this scenario. A net reduction of GHG emissions and freshwater eutrophication impacts is achieved of 16% and 76% respectively. 
[image: ]
[bookmark: _Ref329772173]Figure 7 Distribution of LCIA of sugarcane production according to climate change and FRESHWATER EUTROPHICATION, categories for a scenario of no trash burning.
The following graphs show the climate change impact due to the bio-ethanol, sugar, C5 syrup and electricity production in the SM-FF scenario, where 57% bagasse produced in 1G part is fed to the 2G part, and the remaining bagasse is sent to cogeneration along with 50% GHR. The impacts of the products obtained in such scenario are compared with the related functional units. 
Figure 8 shows the E85 emissions counted up to the utilization stage. The bio-ethanol presented in the E85 mixture is produced in the SM-FF scenario previously presented. E85 emissions are compared to those released using gasoline in CO2 mass-equivalent terms, taking into account fuel economy 

Figure 8 climate change impacts – ethanol product – integrated sugar-mill 2g biorefinery (SM-FF)
It can be observed that about 2kg CO2 per kg equivalent released during a vehicle performance can be reduced using E85 instead of gasoline. 

Figure 9 climate change impacts – SUGAR product – integrated sugar-mill 2g biorefinery (SM-FF)
Figure 9 shows less CO2 emissions for the production of normal sugar in a conventional sugar mill. In this case, the fertilizer use is the same in both cases. So the main reason associated to the reduction of emissions in the reference system is the higher relative value related to sugar and molasses. This is an economic allocation for sugar, where the price of molasses in the reference system is higher than the price of coproducts in the biorefinery. On the other hand, Figure 10 illustrates no differences between the systems because both processes are equal.
 
[bookmark: _Ref333924431]Figure 10 climate change impacts – C5 syrup product – integrated sugar-mill 2g biorefinery (SM-FF)
 
Figure 11 Climate change impacts – surplus electricity product – integrated sugar-mill 2g biorefinery (SM-FF)

Figure 11 shows a light reduction in the GHG emissions for the biorefinery against its reference unit. This behavior can be explained by the fact that Brazilian supply mix is predominantly hydroelectric (76.9%) but the rest is supplied mainly by imports (8.1%), biomass generation (5.4%) and thermoelectrical power plants, including natural gas-fired -(2.6%) and nuclear (2.5%) plants (EPE, 2010). As shown before, the allocation associated to the biorefinery is very low. Therefore the comparison between the electricity generated by the biorefinery and that supplied by the mix provides advantages to the biorefinery in terms of a lower impact.
Nevertheless, taking into account kg of CO2 released in the whole system compared to those released in all the reference systems, a net emissions reduction of 37.26 % was achieved.
A similar trend can be observed for the fossil depletion category (Figure12) such as the significant contribution to environmental performance of the ethanol production and the effect of the reference supply mix for the excess electricity sold to the grid. However, in case of sugar production the fossil depletion is not reduced when comparing the biorefinery pathway with its reference system. Results show that the fossil depletion diminishes about 40.5 % when comparing the biorefinery with the reference system.
[image: ]
Figure 12 Fossil depletion impacts – (a) ethanol, (b) sugar, (c) feed, (d) surplus electricity products - integrated sugar-mill 2g biorefinery (SM-FF)
In a country like Brazil in which biodiversity protection is a main concern, it is interesting to look at the impact on aquatic ecosystems. Here, biorefinery was evaluated according to the eutrophication impact (Figure 13). Eutrophication increases significantly using a biorefinery compared to the reference system. Increased demand for agricultural inputs is the main cause of this augmentation.  Only the conventional sugar production and the B molasses lead to more eutrophication than the related biorefinery products.
[image: ]
[bookmark: _Ref333950135]Figure 13 Eutrophication impacts integrated sugar-mill 2g biorefinery (SM-FF)
In general it can be concluded that even if biorefinery integration could make sense in terms of economic feasibility and climate change decrease, a deeper insight is needed into the water footprint of the agricultural production phase. In addition, less pollutant and efficient ways of disposing the solid residuals must be envisioned. Biomass gasification could be an alternative to reduce air pollution concerns while providing the plant with necessary energy. It must be mentioned that natural gas will increasingly take a dominant part in the Brazilian energy marginal supply. In that sense, biorefinery advantages could improve in comparison with the reference system. 
[bookmark: _Toc420667402]Main findings and Conclusion
The simulation of an integrated sugar mill or distillery and a second generation ethanol plant has been achieved using Aspen Plus. Simulation results have been used to compare different scenarios. Fuelling the plant with GHR may lead to achieve the self-sufficiency of the plant as less as electricity production.  The highest GHR consumption was found in the case ED-FF while SM-OF showed the lowest. Compared to the product in the reference system, bioethanol produced from the full process integration showed less impact on climate change and fossil resource depletion. The results are significantly sensitive to the following factors: allocation factors of the different co-products, agricultural practices (such as cane burning), and reference systems.
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