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The following is the result of a 15-hour study performed for Novozymes in October-November 2005, resulting in 4 new processes for the production of alcohol etoxylate from palm and palm kernel oil, applying system expansion. The processes are available as a CSV file for direct import into SimaPro Analyst (in a database where the Ecoinvent database is already present). The CSV files are available from http://www.lca-net.com/publ

The raw material source palm oil/palm kernel oil is of particular interest, as it is also regarded as the marginal vegetable oil source for the near future. The background for this is that the competitiveness of the tropical oils is expected to increase, as petrochemical oil prices are expected to increase continuously for the time to come (McCoy 2005), and that the competing tropical crop, coconut oil, is a smallholder's crop (96% of the world's coconut production is from smallholdings less than 4 ha, largely owned by poor farmers) taking 5-7 years to mature, which limits its ability to react easily to changes in the market, compared to oil palms, which is a plantation crop with a 3 years delay from planting to first harvest. Furthermore, there is currently an overproduction of coconut oil for the food market, due to the falling demand for saturated oils in this market. To underline this, the Chairman of the Coconut Research Board Waidyanatha (2001) writes:

"The decreasing demand for coconut oil in the world vegetable oil market has made many to refer to it as the 'sunset' industry. Low (oil) productivity, supply vagaries and high cost of production, and quality assurance constraints are virtually insurmountable problems faced by the industry. Low productivity of coconut vis a vis oil palm has seriously afflicted the coconut oil industry. At the current world average of approximately 500 coconuts/ha/year the equivalent oil yield should be only 0.6t/ha/yr as against average yields of palm oil exceeding 3t/ha/yr and potential (research) yields exceed 100t/ha/yr. Physiologically productivity, (carbon sequestration) of oil palm is well beyond that of coconut, and even with optimal genetic improvements coconut yields can never match oil palm yields. The future potential of coconut is not in the oil only but in the multiplicity of products that can be turned out from nearly and parts of the tree, too numerous to be discussed here."

Analysis of the Ecoinvent data and the necessary adjustments

The currently most used LCA data for alchohol etoxylates are those of the Ecoinvent database (Zah & Hierscher 2004) based on the ECOSOL study (published in several articles in Tenside in 1995). 

The production of palm oil is the dominating route, with palm kernel oil as a by-product. Since these two oils are used for the same purposes, it does not appear sensible to perform a co-product allocation on these. If the demand for the oil changes, the production and consumption will change in the proportion that these oils appear in the production. We therefore apply both oils as raw materials in the proportion 83:17 as given by Hirsinger et al. (1995a). 

In the processes for production of palm oil and palm kernel oil in Hirsinger et al. (1995a) a number of co-product allocations by mass has been made:

· “1050 kg of EFBs (Empty Fruit Bunches, Weidema) are produced per 1000 kg of crude palm oil. It would be inappropriate, however, to allocate coproduct credit based on 1050 kg of EFBs, since it is estimated that the EFBs, containing mainly K2O, displace approximately 17 kg of NPK fertilizer. The amount of NPK fertilizer displaced by the application of EFB’s is therefore used to allocate coproduct credit to EFBs”. This “mass allocation by displacement proxy” implies apparently that 0.0167% of the palm oil production process is allocated to the fertilizer. Our correction for this is therefore to multiply the palm oil production process by a factor 1.017 and add the displaced 17 kg of K20.

· “Coproduct allocation has been applied for shell material used in road construction based on this value (166 kg shells per 1000 kg crude palm oil)” This implies that 14,2% of the palm oil production process is allocated to the road construction. Our correction for this is to multiply the palm oil production process by a factor 1.166. The alternative road material is likely to be a waste from other production processes, and no displaced process should therefore be added.

· “Coproduct credit has been allocated for the production of 1186 kg of cake and pellets per 1000 kg of CPKO (Crude Palm Kernel Oil, Weidema) produced.”  This implies that 64,3% of the palm kernel oil production process is allocated to the protein fodder. Our correction for this is therefore to multiply the palm kernel oil production process by a factor 2.186 and add the displaced 190 kg of crude soy protein (assuming 16% crude protein content in palm kernel cake, and soy as the marginal protein supply). This leads to the well-known system expansion iteration, in this case between soy protein/oil and palm oil/protein (it would not be reasonable to include rape oil/protein, since the palm oil cake may well be used locally, and it is anyway being suggested that the marginal food oil is currently shifting from rape to palm).

In the further refining of the crude palm or palm kernel oil and the conversion to fatty alcohol, described in Hirsinger et al. (1995b), further by-products appear:

· In the distillation of the oil a fatty acid distillate is produced, the amount of which is not specified in Hirsinger et al. (1995b) although “The fatty acid distillate is a co-product for which credit has been given”. However, it can be assumed that the 3.5% free fatty acids in the crude oil will make up the distillate. Palm fatty acid distillate is used for animal feed, in rubber processing, in the flavour and fragrance industry, for manufacturing candles, cosmetics, toiletries and pharmaceutical products. It is likely that the marginal application is as an animal feed, where they act as energy source. The displaced marginal energy source is grain, and the displacement can be calculated on an energy content basis. Our correction is therefore to multiply the distillation process by a factor 1.036 and add the displaced amount of grain corresponding to the energy content of 3.5% free fatty acids.
· In both methyl ester production and fatty acid splitting (the two alternative production routes for vegetable fatty alcohols) glycerol appears as by-product. Again, the amounts applied for the mass allocation has not been specified in Hirsinger et al. (1995b). However, as most natural fats, palm oil is a triglyceride, which means that it is composed of three fatty acids and one glycerol molecule, so the content of glycerol can be calculated when the length of the fatty acids is known (C12-C15 are the typical length of the alcohols used in the detergent industry). The following information has been taken from the homepage of Heess, a major producer: “Palm oil has a content of 11% glycerol … Glycerol is used primarily in the plastics (alkyd resins, polyurethane foams) and chemical industries (quinoline, benzanthrone, Alizarin blue). Large amounts of glycerol are used in humectants (tobacco), as ointment base (toothpaste), in skin-care products (hand creams) and to sweeten drinks and extract natural substances. In the textiles industry, glycerol is used in the production of size and finishes. Further uses include fluid for heat exchangers in heating systems, sealing liquid, brake fluid and coolant, softeners for rubber products (tyres), high-pressure fluids for hydraulic systems and for industrial printing dye manufacture (stamp and printing dyes, copier inks). Today, approx. 4% of glycerol production is used in the manufacture of explosives (nitroglycerine) … Today, in many countries, petrochemical-based glycerol production has peaked.” The petrochemical production route (from propylene) is independent on by-products, but it appears that the microbial production of glycerol as a by-product from alcohol production is an important new alternative route, where the current efforts are directed towards limiting the alcohol by-product and increasing the glycerol yield (see e.g. Wang et al. 2001 and Overkamp et al. 2002). One of the reasons for moving away from synthetic glycerol is environmental, since the synthetic route is part of the chlorine chemical industry starting from propene (from Ullmanns):

“Chlorination of propene to allyl chloride:
H2C=CH-CH3 +Cl2 ---> H2C=CH-CH2Cl + HCl
Hypochlorination:

Dehydrochlorination:
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Hydrolysis of epichlorohydrin to glycerol:
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Epichlorohydrin is hydrolyzed at 80-200°C with a 10 - 15 % aqueous solution of sodium hydroxide or sodium carbonate at atmospheric or overpressure. The residence time in one or a series of several closed, continuously operating reactors amounts to several minutes or several hours depending on the plant concerned. The yield of dilute (10-25%) glycerol solution is > 98 %. The solution contains 5 - 10 % sodium chloride and less than 2 % of other impurities. This aqueous glycerol solution containing sodium chloride is evaporated in a multistage evaporation plant under vacuum to a glycerol concentration of > 75 %; precipitated sodium chloride is separated at the same time. The glycerol solution is then distilled under high vacuum (ca. 0.5 - 1.0 kPa); codistilled water is separated by fractional condensation. Residual inorganic salts and higher oligomers of glycerol remaining after the evaporation must be worked up further or discarded. The glycerol, practically free of water, is treated further to remove colored impurities and odorous material; this can be performed, for example, with activated carbon.”
In spite of the upcoming microbial route, we find it acceptable to use the synthetic route as the current marginal. 

Our correction is therefore to multiply the methyl ester production and fatty acid splitting processes by a factor 1.1236 (corresponding to the 11% glycerol) and add the displaced amount of synthetic glycerol, using the Ecoinvent data on allylic chloride supplemented by the processes of hypochlorination, dehydrochlorination and hydrolysis, using the same assumptions of losses of 0.2% of the raw material input and 0.5% of the product of each process.
The modified processes in SimaPro format

Crude palm and palm kernel oil, at plant

In Ecoinvent, the process "Fresh fruit bunch harvesting, at farm/MY U" is used by 2 processes: Crude palm oil, at plant/MY U and Crude palm kernel oil, at plant/MY U. In real life, these 2 processes are closely linked: when producing crude palm oil, kernels are a co-product. Hence, these 2 processes have been merged into 1 process (called “crude palm and palm kernel oil, at plant (system expanded)”)

According to Hirsinger et al. (1995), 83% of the oil comes from palm oil and 17% from palm kernel oil. Hence, when 1 kg crude palm oil is produced in the Ecoinvent process “Crude palm oil, at plant/MY U”, we have to add 1 kg*0.17/0.83 = 0.20 kg of the Ecoinvent process “Crude palm kernel oil, at plant/MY U”.

However, before adding these two Ecoinvent processes, we have to make corrections in order to make system expansion instead of allocation by mass as done by Ecoinvent (as described above).

First, all the inputs and emissions from the Ecoinvent process "Crude palm oil, at plant/MY U" has been multiplied by a factor 1.017 due to a change from mass allocation to system expansion for Empty Fruit Bunches. Furthermore, the avoided production of 0.017 kg K2O has been added. Second, all inputs and emissions have been changed by a factor 1.166 due to a change from mass allocation to system expansion for shell material production. This gives a factor 1.186 (=1.017*1.166) for all inputs and emissions from " Crude palm oil, at plant/MY U".

In the same way, all inputs and emissions from the Ecoinvent process "Crude palm kernel oil, at plant/MY U" has been multiplied by a factor 2.186 in order to change from mass allocation to system expansion for the production of 1186 cake and pellets per 1000 kg of crude palm kernel oil. Furthermore, the avoided production of 0.19 kg soy protein per kg crude palm kernel oil used. As soybeans contain on average 35% protein (ref: http://www.ces.purdue.edu/extmedia/GQ/GQ-39.html), 0.19 kg soy protein equals 0.54 kg soybeans.

All together, the above means that our new process “Crude palm and palm kernel oil, at plant” has an output of 1,2 kg crude palm oil i.e.: 1 kg “Crude palm oil, at plant/MY U” (with all inputs and emissions multiplied by a factor 1.186) plus 0.2 kg "Crude palm kernel oil, at plant/MY U" (with all inputs and emissions multiplied by a factor 2.186) plus avoided production of 0.017 kg K2O and the avoided production of 0.2 kg palm kernel oil * 0.54 kg soybeans per kg crude palm kernel oil = 0.108 kg soybeans

When adding this up, a total of 3.98 kg fresh fruit bunches are used. In the original reference to the data (Hirshinger et al, 1995), a total amount of 4.605 kg Fresh Fruit Bunches are used per 1 kg crude palm oil. The difference of 0.625 kg (i.e. 4.605 kg -3.98 kg) can probably be ascribed to the amount of used for fuel or other mass co-product allocations not explained in the original reference.

Fatty alcohol, from palm and palm kernel oil
We have used the Ecoinvent process: “Fatty alcohol, from palm oil, at plant/RER U” as basis. 

The consumption of crude palm oil has been multiplied with 1.036 in order to correct for the mass allocation for the fatty acid production in the distillation of the oil (assumed to be 3.5%). As the distillation is only on of many processes within the fatty alcohol production, emissions have not been multiplied with 1.036 (as the emissions might be caused by other processes than the distillation). The avoided production of grain has been added corresponding to the energy content of 3.5% free fatty acids. 

The fodder value of fatty acid distillate is equal to 2.3 kg grain/kg distillate (Tybirk 2001). Hence it is assumed 0.035 kg * 2.3 = 0.08 kg grain is avoided per kg crude palm and palm kernel oil. 

Furthermore, all inputs and emissions has been multiplied with a factor 1.1236 in order to correct for the allocation by mass to the co-product, glycerol, as done by Ecoinvent (see description above).

The production of 11% glycerol has been subtracted as avoided production – 0.1236 kg glycerol per 1 kg fatty alcohol.

As there is no process for glycerol production in Ecoinvent, this has been modelled by the hydrolysis of epichlorohydrin to glycerol, as described above.
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Epichlorohydrin: 
92.525 g/mol

Sodiumhydroxide: 
39.997 g/mol

Glycerol: 

92.095 g/mol

Sodiumchloride: 
58.442 g/mol

Corresponding to the stoechiometry, 1 kg of glycerol requires 1.005 kg epichlorohydrin kg and 0.434 kg of sodiumhydroxide per kg glycerol.

The existing Ecoinvent processes for epichlorhydrin and sodiumhydroxide have been used as inputs to the process. It should be emphasised that Ecoinvent states in the comments to this process that there are large uncertainty of the process data due to weak data on the production process and missing data on process emissions. 

Energy consumption, transport etc has been estimated to be the same as for the production of epichlorhydrin (taken from the Ecoinvent process: Epichlorhydrin, at plant/RER U). The emissions to air have been estimated to be 0.2 wt.% of raw material input, as for the epichlorhydrin process, i.e. 2,01 grams (i.e. 0.2% of 1.005 kg) epichlorohydrin and 1.7 grams of sodium hydroxide per kg glycerol. It has been assumed that there are no emissions to water.

Comparison of the resulting system expanded process with the original Ecoinvent process

The below figure 1 shows that the system expanded ethoxylated alcohols have slightly more missions contributing to the important impact categories “Respiratory inorganics”, “Nature occupation” and “Global warming”. 
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Figure 1. Impacts from the system expanded process (red) and the original Ecoinvent process (green) for 1 Mg ethoxylated alcohols (AE11) from palm (and palm kernel) oil. The impacts are shown in kEUR (1000 Euro), using the Stepwise2005 impact assessment method.
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Figure 2. Flow chart for the system expanded etoxylated alcohols

The flow chart in figure 2 shows that the system expansions are of little importance, which implies that mass allocation overestimates the importance of the by-products and thus results in too little impacts allocated to the ethoxylated alcohols.
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