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Figure 12 Conversion of acrolein to ethene. 

In figure 12 it is possible to see that ethane is formed on a fresh non-reduced catalyst, but the 
formation decreases and ethene is formed instead. This catalyst is however not optimal for the 
production of ethane. For this purpose a catalyst with improved hydrogen production functio-
nality have to be developed. 

2.1.9 Acrolein to Ethane 
In this experiment the production of ethane from acrolein by decarbonylation followed by the 
water-gas shift reaction was demonstrated. 14 g of the Biofuel #1011 catalyst was loaded in 
reactor 1. A 20 w% of acrolein in water solution was fed into the reactor at a rate of 18 g/h. 
100 ml/min of hydrogen was added to the stream in the pre-heater. The reactor 1 inlet temper-
ature was 270°C and the total pressure was 5 bar(a). In figure 13, the result of a 4 h run is 
shown.  
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Figure 13 Conversion of acrolein to ethane with H2 present.  
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In the reaction either a CO or a CO2 is formed for each decarbonylated acrolein molecule. 
This means that the formed amount CO+CO2 and ethane should be equal, if no other by-
reaction occurs. The slight surplus of CO+CO2 shows that a minor part of the acrolein is re-
formed over the catalyst. Another by-product is 1-propanol formed by hydrogenation of the 
acrolein, due to the high hydrogen pressure.      
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Figure 14 Conversion of acrolein to ethane without H2 present. 

In figure 14, a result is shown of a run with the same conditions but without hydrogen present. 
Expected products were ethene and carbon dioxide:  

CH2=CH-CHO  CH2=CH2 + CO 

However, rather unexpectedly, the products were ethane and carbon dioxide. This means that 
the catalyst shifts the formed carbon monoxide to carbon dioxide and hydrogen by reaction 
with water: 

CO + H2O ↔ CO2 + H2   

The formed hydrogen is then consumed by hydrogenation of the formed ethene: 

CH2=CH2 + H2  CH3-CH3   

This means that the ethane production from acrolein (and the total pathway from glycerol) 
does not require any external hydrogen supply. The gas mixture with ethane, carbon dioxide, 
water and a small amount of propanoic acid should be rather simple to separate. This means 
that the Biofuel #1011 catalyst not only decarbonylates, it also has water-gas shift functionali-
ty. 

2.1.10 Glycerol to Ethane 
In this experiment the complete route from glycerol to ethane was demonstrated using several 
reactors. Reactor 1 contained 30 g of Z-1152 dehydration catalyst and reactor 2 contained 14g 
Biofuel #1011. The feed consisted of 18 g/h of 20 w% glycerol in water and 50 ml/min of N2 
was used as a carrier gas. The inlet temperature of reactor 1 was 270°C and for reactor 2 the 
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inlet temperature was 230°C, the total pressure was 5 bar(a). In figure 15, the result from a 
20 h run is shown.  

 
Figure 15 Conversion of glycerol to ethane without hydrogen, normalized carbon balance.   

In figure 15 it can be seen that at least two parallel reaction paths takes place. The first one is 
the expected: 

Glycerol → Acrolein → Ethane + CO2 

The second one produces carbon monoxide from either glycerol or acrolein, for instance: 

glycerol → 3 CO 

However, during the first 6 hours this carbon monoxide is oxidized into carbon dioxide, may-
be during reduction of the catalyst. After 6 hours the amount of carbon dioxide starts to fall 
down to the same yield as the ethane, indicating an equimolar reaction (one mole acrolein 
forms one mole ethane and one mole carbon dioxide). While the carbon dioxide starts to de-
crease, carbon monoxide appears and displays a mirror image. This indicates that the carbon 
monoxide is formed from a side reaction, competing with the main reaction. 

2.2 Conclusions of Experimental Work 
It have been shown that glycerol in water solutions (10-20 w%) can be converted to various 
gas phase components. Intermediate steps, as well as total integrated processes have been 
demonstrated in the performed experiments for both the production of propane and ethane. 
Conversions to useful products in the range of 55% and above have been achieved in the la-
boratory scale, without any particular efforts to optimizing the processes. It is expected that 
there can be significant improvements in the yield by optimization of catalyst compositions, 
operating conditions etc.  

The durability of the catalytic processes has also been demonstrated in medium term runs 
(10-60 h). This means there is a substantial chance to success with a pilot unit, even though 
there is a need for additional catalyst and process optimization as well as catalyst life time 
investigations.  

Production of propene or propane can be done in three and four steps respectively with supply 
of external hydrogen. However, ethane and ethene can be produced in two steps without any 
supply of hydrogen, a simpler and more cost effective pathway for glycerol utilization than 
the propane path.   
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3 Cost Estimate 
The production volumes of biodiesel has increased the production of bio-glycerol, as the rela-
tion between produced diesel and by-product glycerol is 10:1 on a mass basis. During 2007, 
the production of biodiesel in the EU 27 was 5 713 000 ton (20). The majority of this produc-
tion was done in Germany (2 890 000 ton), France (872 000 ton) and Italy (363 000 ton). The 
Swedish production in the same year was 63 000 ton. The capacity in Europe in 2008 (calcu-
lated based on 330 working days per year and plant) is 16 000 000 ton of maximum biodiesel 
production. This indicates that during 2007, 571 300 ton of glycerol was produced. During the 
same time frame (2006) the biogas production was 1.3 TWh and at present there are 227 pro-
duction facilities in Sweden, of which 34 facilities upgrade the biogas to transport fuel quality 
(21). Out of the 1.3 TWh produced some 0.23 TWh was upgraded and used for transportation 
purposes in 2006 (2).  

In the economic evaluation, three alternatives have been compared. The alternatives are:  

1. Propane production from glycerol with internal hydrogen supply. 
2. Propane production from glycerol with external hydrogen supply. 
3. Ethane production from glycerol. 

 
Each of these units has been sized to match a biogas production capacity of 24 GWh bio-
gas/year, comparable to the biogas facility in Vrams Gunnarstorp. The reaction set-ups are 
still preliminary and only to be viewed as a basis for the economic evaluation. However, ini-
tial calculations have shown that the heat balance closes, to some extent, in most cases de-
pending on the possible inlet glycerol mixture concentration.  

3.1 Unit Configurations 
In the first process suggestion the hydrogen to support the hydrogenation of the double bonds, 
the result of the dehydration, is produced by steam reforming of glycerol. The hydrogen is 
recycled to improve the overall hydrogen balance using an internal PSA (pressure swing ad-
sorption) technology, figure 16. Glycerol and water are pumped from two vessels and mixed. 
The mixed stream is sent to the glycerol conversion process (stream 6), where it is mixed with 
hydrogen (stream 14), and to the hydrogen generation process (stream 15). The mixture of 
glycerol/water and hydrogen is vaporized and passed through a first dehydra-
tion/hydrogenation step. The temperature is then adjusted and the gases are past through a 
second dehydration/hydrogenation reactor where the product propane is produced. The gases 
are condensed, heating the feed, and is mixed with the product from the hydrogen production. 
The gases are separated in the PSA, where the product propane and a small amount of CO2 
and hydrogen are rejected as PSA off-gas (stream 23). The hydrogen content of the off-gas is 
burnt selectively using a catalyst and air (stream 24) and the heat is used to preheat the steam 
reformer feed. The resulting mixture of CO2 and propane is sent into the biogas plant 
(stream 27), where the CO2 is removed with the CO2 produced in the biogas fermentation.  
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 Figure 16 The Process Flow Diagram of the propane process with internal hydrogen production. 

To avoid the cost of the hydrogen generation, an alternative set-up with external hydrogen 
supply has been considered, figure 17. In this case, the hydrogen production via steam reform-
ing has been replaced by an external hydrogen supply (stream 13). The basic process remains 
the same as in the first case, with internal hydrogen recycle and clean-up.   
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Figure 17 The Process Flow Diagram of the propane process with external hydrogen supply. 

In the third case considered, the final product is ethane, figure 18. The glycerol (stream 1) is 
mixed with water (stream 3) and is vaporized and heated. The mixture is passed through a 
reactor and the resulting product, ethane and CO2 (stream 8), is sent to the biogas process gas 
upgrading for CO2 removal. The process is simpler than the ones suggested above, but a larg-
er amount (40% excess) is needed to get the correct Wobbe-index of the biogas.  
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Figure 18 The Process Flow Diagram of the ethane production process. 

3.2 Production Cost Estimates 
To give a first approximation on the cost of production with the three different alternatives, 
the production costs have been estimated. In all cases the operating costs has been taken into 
account. The largest expense is the bio-glycerol used as feedstock, but also cost of electricity 
and water has been taken into account. The parameters of the three processes used in the cost 
estimates are summarized in table 1. 

Table 1 Parameters used for the production cost estimates. 
 Propane Internal H2 Propane External H2 Ethane Production 
Glycerol (kr/kg) 0.9 0.9 0.9 
Water (kr/ton) 20 20 20 
Hydrogen (kr/kg) 0 33 0 
Electricity 10% of glycerol cost 10% of glycerol cost 10% of glycerol cost 
Investment cost 2 100 000 1 500 000 900 000 
Interest rate 7% 7% 7% 
Depreciation time 5 years 5 years 5 years 
Time On-Line 8 000 8 000 8 000 
Process efficiency  60% 60% 70% 

 
The cost of the feedstock has been derived using actual crude glycerol costs, with a cost pe-
nalty for the actual clean-up of the glycerol. The investment cost has been decided by esti-
mates on the type of equipment needed and the complexity of each system. The process effi-
ciencies are based on the experimental investigation but the estimate should be considered 
preliminary, due to the exploratory nature and limited time and scope of the study.  
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Using the parameters in table 1 the production cost per kWh is 1.82 kr in the case of external 
hydrogen supply, 1.6 kr/kWh in the case of internal hydrogen production and 0.78 kr/kWh in 
the ethane case. The production cost of the two first cases doesn’t differ very much, but in the 
case of ethane the production cost is significantly lower.  

However, if the annual cost of adding propane to a 24 GWh biogas plant is taken into account, 
the costs are more level. In the case of internal hydrogen supply, the annual cost would be 
~787 000 kr. Which should be compared to ~895 000 kr for the externally supplied hydrogen 
process and ~534 000 kr for the ethane process. The reason for the relatively high annual cost 
for the ethane process (compared to the differences in kWh cost) is due to the higher ethane 
required compared to propane (40% surplus). A cost breakdown for the base case can be 
viewed in table 2.  

Table 2 Result of the base case cost estimates. 
 Propane Intern. H2 Propane Ext. H2 Ethane Production 
Glycerol (kg/h) 32 21 36 
Water (kg/h) 126 83 144 
Hydrogen (kg/h) N/A 1.3 N/A 
    
Operating Cost    
Glycerol (kr/y) 231 570 152 924 265 137 
Electricity (kr/y) 23 157 15 292 26 514 
Water (kr/y) 20 165 13 316 23 088 
H2 (kr/y) N/A 347 347 N/A 
Total (kr/y) 274 892 528 879 314 739 
    
Equipment cost (kr/y) 512 170 365 836 219 502 
    
Annual cost (kr/y) 787 063 894 715 534 240 
    
kWh Cost (kr/kWh) 1.60 1.82 0.78 

Using the base cases to investigate the supply of the feedstock, approximately 10 times the 
amounts processed in this fictive plant, is required for all the upgraded biogas in Sweden. 
This indicates that 2 560 tpa, 1 680 tpa and 2 880 tpa of glycerol (for the propane Int. H2, the 
Propane Ext. H2 and the Ethane case respectively) would be enough to supply the Swedish 
upgraded biogas production with higher alkanes. This indicates that the glycerol produced as 
a by-product from the biodiesel industry would be feasible as feedstock for this application. 

To investigate how the production cost varies with the feedstock cost, a Monte Carlo simula-
tion was performed. The feedstock was set at a lowest available value of 0.6 kr/kg, a maxi-
mum value of 2.4 kr/kg and a most likely value of 1.2 kr/kg. Within this range 10 000 values 
were generated using a normal distribution based on the minimum, maximum and most likely 
value; a triangulation simulation. In figure 19 the distribution of production costs are shown.  
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4 Conclusions 
The aim of this study was to confirm the technical feasibility of producing bio-propane from a 
renewable glycerol feedstock. In the experimental work, it has been shown that production of 
propane with 55-60% yield from glycerol and ethane with 65-75% yield is possible. It should 
however be noted that the experiments have been performed without extensive optimization; 
it is therefore expected that there are possibilities of improvements in the yields of both prod-
ucts by optimizing the catalyst compositions and process conditions.  

From a technical aspect, both end-products considered are feasible to produce. There are 
however additional benefits to producing ethane from a simplicity standpoint. This route 
would omit the need for external or internal hydrogen supply. There is also a possibility to 
make the process run auto-thermally, by managing to increase the inlet glycerol concentration 
from 20% to 30% in water. Due to the simplicity and promise of higher yields in the ethane 
process, it is believed that the glycerol consumption can be approximately the same producing 
ethane and propane. Even though the produced, end-product kWh is higher in the ethane case.   

From an economical standpoint, the production of ethane is more favorable than the produc-
tion of propane, albeit just as feasible. The production cost of the ethane produced is in the 
same order of magnitude as the fossil propane used in the biogas industry today. Using ethane 
as a component in LPG will however be limited by the allowed maximum of 2% ethane. This 
limitation can however be disregarded at the moment, as the 2% is still a very large market in 
Sweden and abroad. 

The supply side of the glycerol does not seem to be a limiting factor at the moment. The pro-
duction of upgraded biogas in Sweden today will require about 20% of the byproduct glycerol 
produced by Perstorp bio-chemicals in Stenungsund. This indicates that the purpose of using 
glycerol for supplying additional heating value to upgraded biogas is feasible not only today, 
but for a foreseeable future. However, the economic feasibility is limited by the feedstock 
cost. Therefore it would be suitable to use a lower grade, crude glycerol, than the one generat-
ed in Stenungsund. Another advantage of using glycerol is that a non-poisonous, non-volatile 
liquid could be transported and converted on-site, instead of the liquefied gas used today. 
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