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Abstract 

Haldor Topsøe has developed a new process allowing Preem AB to co-process light gas oil 
and up to 30% RTD (Raw Tall Diesel), producing a renewable diesel meeting all EN 590 
specifications. In contrast to other feedstocks used for renewable diesel production, the RTD 
is non-edible and the process does thus not add to the problems of global food shortage. The 
basic engineering for applying the process in Preem’s Refinery has been completed by Top-
søe, and the unit is expected to start- up in early 2010. 

In this paper, many of the challenges that refiners must address when contemplating to in-
troduce a renewable feedstock, are discussed. It is demonstrated how detailed knowledge of 
process technology, reaction chemistry and catalyst behavior can lead to innovative solutions 
and allow the refiner to maintain high HDS activity throughout the cycle, while co-processing 
organic material and mineral oil.  

Results from experiments on model compounds that reveal the detailed reaction mecha-
nisms will be presented. Based on such data and results from pilot plant tests on several 
different bio materials, Topsøe has designed technology solutions and specialized catalysts 
for conversion of renewable material and through data from a number of running references 
(both co-processing and stand-alone units), it will be shown how the correct choice of cata-
lyst system can lead to entirely satisfactory performance. 

                                                
* corresponding author: rce@topsoe.dk 
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Introduction 

The search for alternative, sustainable sources of energy for the transportation sector has 
been spurred by the concern over limited fossil fuel resources and global warming from CO2

emissions. This world-wide development is driven by increasing petroleum prices as well as 
government mandates and incentives. Despite this growth in renewable fluids, so far there 
has been little integration of renewable fluids into petroleum refineries. The two main biofuel 
products used in transportation fuels are bioethanol used in gasoline and FAME (Fatty Acid 
Methyl Ester) used in diesel. There are several compatibility issues with the properties of 
FAME and the specification of diesel, including a poor stability that causes filter plugging. As 
of today, blends with 10% FAME or more are used as fuel for dedicated vehicles only. 

Before feedstocks derived from renewable organic material can be used in conventional 
automobile engines and distributed using existing fuel infrastructure, it is desirable to convert 
the material into hydrocarbons similar to those present in petroleum derived transportation 
fuels. One well-established method for this purpose is the conversion of vegetable oils into 
normal paraffins in the gasoline or diesel boiling range by employing a hydrotreating process. 
In this process, the renewable organic material is reacted with hydrogen at elevated tem-
perature and pressure in a catalytic reactor. The clear advantage of hydrotreating seed oils 
(or FAME) relative to the use of FAME biodiesel is the fact that the final products from this 
simple hydroprocessing process (simple paraffins) are the same components as those pre-
sent in normal fossil diesel. 

FAME biodiesel is often referred to as 1st generation biodiesel, since it relies on the vegeta-
ble seed oils normally entering the human feed chain, and thus this type of fuel may lead to 
escalating food prices and shortage of food supply. In contrast, renewable diesel by hy-
drotreating may be produced from a broad variety of sources including animal fats and vege-
table oils but also tall oil, pyrolysis oils and other non-edible compounds. 

The same types of catalysts are used in hydrotreating of renewable feeds as presently used 
for desulphurization of fossil diesel streams to meet environmental specifications. Thus, a co-
processing scheme where fossil diesel and renewable feedstocks are mixed and co-
processed is possible, producing a clean and green diesel meeting all EN 590 specifications. 
The hydrotreating may also take place in a dedicated stand-alone unit that processes 100% 
renewable diesel. In either case, the new feed components mean that completely new reac-
tions occur and new products are formed. This gives rise to a series of challenges relating 
both to catalyst and process design, that need to be addressed. 

Challenges of hydrotreating renewable feeds  

Hydrotreating is a vital part of fuel production, and the economy of the refinery is very de-
pendent on the on-stream factor of these units. Thus, before introducing even minor amounts 
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of new feedstocks into a diesel hydrotreater, it is important to know the implications and how 
to mitigate any potential risk factors. 

When considering the conversion of most naturally occurring oxygen-containing species, it is 
evident that these are much more reactive than refractory sulphur compounds, which must 
be removed to produce diesel with less than 10 ppm S. This means that the problem of in-
dustrial operation will typically not be to achieve full conversion but rather to be able to con-
trol the very exothermic reactions when using an adiabatic reactor. As the reactions also 
consume large amounts of hydrogen (for a 100% renewable feed, a hydrogen consumption 
of 300-400 Nm3/m3 is not unusual), higher make-up hydrogen and quench gas flows are 
needed even when co-processing quite small amounts. Thus, the refinery hydrogen balance 
must be checked, and the unit capacity may be lower than when processing fossil diesel 
only.  

The depletion of hydrogen combined with high temperatures may lead to accelerated catalyst 
deactivation and pressure drop build-up. Control of these factors would require the use of 
tailor-made catalysts and a careful selection of unit layout and reaction conditions. In this 
way it is possible to achieve a gradual conversion without affecting the cycle length and still 
meeting product specifications. 

In contrast to conventional hydrotreating, high amounts of propane, water, carbon monoxide, 
carbon dioxide and methane are formed. These gases must be removed from the loop either 
through chemical transformation, by a gas cleaning step like an amine wash or, more simply, 
by increasing the purge gas rate. If not handled properly, the gases formed will give a de-
creased hydrogen partial pressure, which will reduce the catalyst activity. Further problems 
with CO and CO2 may occur due to competitive adsorption of S- and N-containing molecules 
on the hydrotreating catalyst. The CO, which cannot be removed by an amine wash unit, will 
build up in the treat gas, requiring a high purge rate or another means of treat gas purifica-
tion. In the reactor effluent train, liquid water and CO2 may form carbonic acid, which must be 
properly handled to avoid increased corrosion rates. 

When processing other feed types such as tall oil or vegetable oils with a high content of free 
fatty acids, severe corrosion of pipes and other equipment upstream of the reactor will take 
place, which is also the case when processing high-TAN fossil crudes. 

Finally, the main products from this process are normal paraffins with significantly lower 
cloud and pour points than FAME oils, but they may still be problematic in harsh climates. 
However, in contrast to the FAMEs, the n-alkanes produced can be transformed into iso-
alkanes with excellent cold flow properties in dewaxing refinery processes without compro-
mising on other improved properties of the diesel product. Such isomerising dewaxing may 
take place over a base-metal sulphidic catalyst with high diesel yields and be separately con-
trolled to provide different grades of product quality, e.g. summer and winter diesel fuels. 
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The challenges described above impose restrictions on current industrial practice involving 
hydrotreatment of a feed comprising oil and renewable organic material with respect to how 
much of the organic material can be used in the process, normally below 5 vol%. In order to 
achieve a better economy of the co-processing scheme, it would be desirable to increase the 
proportion of renewable organic material in the feed up to 25 vol% or more.  
In this paper, the fundamental reactions taking place when processing renewable feeds are 
investigated and resolved in detail. Based on this, special catalyst formulations were devel-
oped and are currently running in industrial operation. These are designed to have a high 
activity and stability under the harsh conditions prevailing in this operation. Finally, we will 
describe how process innovations have lead to a new technology that mitigates the chal-
lenges mentioned above and enable Preem AB to co-process up to 30% tall oil derived ma-
terial in a revamped hydrotreating unit. 

Reaction pathways in renewable diesel hydroprocessi ng 

The industrial goal of hydrogenating biologically derived (i.e. renewable) feedstocks is to 
produce hydrocarbon molecules boiling in the diesel range, which are directly compatible 
with existing fossil-based diesel and meet all current legislative specifications. With the intro-
duction of feedstocks stemming from renewable sources, new types of molecules with a sig-
nificant content of oxygen are present and must be properly treated by both the hydrotreating 
process and catalysts. In order to ensure trouble-free operation, it is imperative to under-
stand and control the new types of reactions that occur when higher levels of oxygenates are 
processed. Overall, the reactions can be characterized as a (hydro-)deoxygenation, i.e. pro-
duction of a liquid product with no oxygen. However, several reaction pathways exist, and 
other reactions such as saturation of double bonds and reactions involving carbon monoxide 
and carbon dioxide complicate the picture. Thus, a fundamental knowledge of the detailed 
reaction chemistry is needed for catalyst design and evaluation of process design.  

Although many different types of renewable feeds exist, the chemistry of vegetable oil or 
animal fat hydrotreating to produce diesel-type molecules is somewhat simplified by the fact 
that most of such feedstocks, almost independent of seed type, are supplied as so-called 
triglycerides (triacylglycerols), an example of which is shown in Figure 1. Triglycerides can be 
seen as the condensation of glycerol (which may be seen as the C3-backbone of the mole-
cule) and three carboxylic acids (also termed fatty acids). Although the triglyceride form is 
common to almost all oils and fats, the chain lengths and degree of unsaturation vary signifi-
cantly. This affects e.g. the product properties and the hydrogen consumption. Vegetable oils 
and animal fats may also contain significant amounts of impurities such as alkalis and phos-
phorus that need to be removed either in a separate process or through carefully designed 
guard beds. Notably, the content of sulphur and nitrogen species is very low in these feed-
stocks, and therefore the required HDS conversion is lower when co-processing renewable 
feeds.  
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Figure 1. Example of triglyceride structure. 

Acids and bases may catalyze the transesterification of triglycerides, where the three fatty 
acids are converted into the corresponding esters. This is the basis for the production of 
FAME type biodiesel, which is a process in competition with hydrotreating of triglycerides to 
form paraffins. 

To investigate how the triglycerides react under typical hydroprocessing conditions, a pilot 
plant test with a NiMo catalyst was conducted using a blend of 75 vol% Middle East SR LGO 
and 25% rapeseed oil. Rapeseed oil is a triglyceride of fatty acids, mainly C18 acids and vary-
ing amounts of the monounsaturated C22 erucic acid. In this case the C22 constituted about 
22 wt%, and the average degree of unsaturation was four double bonds/mole. 

At conditions of 350°C, 45 barg, LHSV = 1.5 h -1 and a hydrogen to oil ratio of 500 Nl/l, the 
gaseous and liquid products were analysed, and yields and hydrogen consumption were 
calculated. The conversion of triglycerides was confirmed to be 100% by monitoring the yield 
of propane, since one mole of propane is produced for each mole of triglyceride (the C3-
backbone of the triglyceride will be hydrogenated to propane). Furthermore, yields of CO 
(0.6 wt%), CO2 (1.2 wt%) and CH4 (0.1 wt%) were observed. The total liquid product was 
analysed by gas chromatography, and the results are shown in Figure 2. 

The chromatograms in Figure 2 show that the high-boiling rapeseed oil feed is not present in 
the product, and instead four normal paraffins are formed with chain lengths of 17, 18, 21 
and 22, respectively. No other liquid products are formed in any appreciable amounts. This 
product distribution can be explained by the different mechanisms by which the triglycerides 
may react. 
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Figure 2. Simulated distillation chromatogram of fe ed (left) and product (right) from 
pilot plant testing of 25% rapeseed oil co-processi ng. All rapeseed oil is converted 
into normal paraffins with chain lengths of 17, 18,  21 and 22, respectively. 

Once the fast double bond hydrogenation reactions have saturated the fatty acids, the con-
nection between fatty acids and the C3-backbone may be broken by one of at least two dis-
tinct reaction pathways (Figure 3). The first pathway involves a complete hydrogenation to 
form 6 moles of water, 1 mole of propane and 3 moles of normal paraffins with the same 
chain length as the fatty acid chains (n-C18 and n-C22 in the case of rapeseed oil) per mole of 
reacted triglyceride. This pathway is usually termed hydrodeoxygenation or simply the HDO 
pathway. The other pathway involves a decarboxylation step, where 3 moles of CO2, 1 mole 
of propane and 3 moles of normal paraffins with a chain length, which is one carbon-atom 
shorter than the fatty acid chains (n-C17  and n-C21 in the case of rapeseed oil) are produced. 
Since the paraffins produced are in the diesel boiling range, this is the reason why the diesel 
hydrotreater is the unit of choice for processing of such feeds. 
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As both carbon dioxide and carbon monoxide are produced, two additional reactions need to 
be taken into consideration, which is also shown in Figure 3. Hydrotreating catalysts are 
known to be active for both reverse water gas shift (CO2 + H2 �  CO + H2O) and methanation 
(CO + 3H2 �  CH4 + H2O). The relative extent of these two reactions accounts for the ob-
served distribution between CO, CO2 and CH4. The water gas shift activity of the catalyst 
makes it difficult to ascertain whether the observed CO and CO2 are produced by a decar-
boxylation reaction as described above or by a similar decarbonylation route as proposed in 
the open literature. 

The relative usage of the decarboxylation and HDO reaction routes is of major importance for 
the hydrotreating process as this influences the hydrogen consumption, product yields, cata-
lyst inhibition, treat gas composition and heat balance. If all triglycerides react by the decar-
boxylation route, seven moles of hydrogen will be consumed as opposed to the sixteen 
moles of H2 consumed when all triglycerides are converted via the HDO route, i.e. 63% lower 
hydrogen consumption. However, if all the CO2 produced is shifted to CO, and all the CO 
formed is subsequently converted into CH4, a total of 19 moles of H2 will be consumed by the 
decarboxylation route, i.e. 19% higher hydrogen consumption.  

In this pilot plant test, the split between decarboxylation and HDO was about 65/35. This can 
be found by e.g. analysing the relative rates of n-C17 and n-C18 as shown in Figure 2. This 
ratio varies with type of catalyst, operating conditions and type of renewable feed. From the 
present experiment, the hydrogen consumption related to pure rapeseed oil conversion was 
calculated to be about 280 Nm3/m3. This is a very high number compared with conventional 
diesel hydrotreating, but very typical of renewable diesel hydrotreating, and one of the rea-
sons why only small amounts of these feeds are usually co-processed. For e.g. 5% rapeseed 
oil co-processing, the additional hydrogen consumption will be about 14 Nm3/m3.  

When combining the measured hydrogen consumption with the relative rate of decarboxyla-
tion as inferred from the distribution of even and odd normal paraffins (Figure 2), it was found 
that the molar conversion of CO2 by water-gas-shift was 50-60%, and that around 30% CO 
was converted to methane. This means that the H2 consumption by the decarboxylation route 
is roughly 11 mole/mole, and thus the hydrogen consumption is closer to that of the HDO 
route. Since the yield of high-value liquid diesel molecules will be roughly 17/18 (94%) of that 
obtained by the HDO route, and the occurrence of CO and CO2 in the recycle gas poses a 
series of processing challenges, it is not straightforward to determine which route is optimum 
as this will depend on the operating conditions, the flowsheet and the catalyst employed in 
the hydrotreater. Furthermore, the overall refinery configuration as well as the local prices of 
hydrogen and diesel product will influence the preferred reaction route.  

The characteristics of the renewable diesel directly reflect the high amounts of n-paraffins in 
the product. This has the beneficial effect of a lower specific gravity and higher cetane index, 
which are properties both adding to the value to the product. On the other hand, normal par-
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affins have quite high melting points (n-C18: 28°C) , and therefore the product is observed to 
have a higher cloud point than a corresponding product from the pure LGO when co-
processing rapeseed oil. The NiMo catalyst used in the test is virtually non-acidic, and there-
fore no or very little isomerisation to iso-paraffins was expected. Depending on the amount of 
co-processed rapeseed oil, the high cloud point may necessitate a dewaxing step to meet 
specifications.

Fundamental study of reaction mechanisms 

Understanding and controlling the selectivity by using the described reaction routes is a key 
to the design of optimum catalysts for this very demanding service. To elucidate the elemen-
tal steps of the conversion process, a fundamental study of the reaction mechanisms was
undertaken. Methyl laurate (n-dodecanoate) was chosen in order to model hydrotreating of 
normal seed oils and animal fats, as this molecule shares the main characteristics (an ester 
bonded fatty acid) of the naturally occurring triglycerides. The tests were carried out in a mi-
cro-reactor setup at conditions of 300°C, 50 barg ,  a hydrogen to oil ratio of 1250 Nl/l and 
varying WHSV (in the range 10 to 100 hr-1).  

It was observed that all liquid hydrocarbon products had 11 or 12 carbon atoms, and that the 
most abundant ones were 1-dodecanol, n-C11 and n-C12 and the corresponding alkenes, but 
also smaller amounts of 1-dodecanal and dodecanoic acid were observed. This product dis-
tribution verifies the existence of the two routes described above, in this case leading to n-
C11 and n-C12. The only products associated with the decarboxylation route were C11 alkenes 
and alkanes, and no oxygenate intermediates were detected. However, the HDO route lead-
ing to C12 products appeared to proceed by a more complicated mechanism, as several in-
termediates were detected. The first step of a simple reaction scheme would be a stepwise 
hydrogenation of the connecting oxygen in the ester forming an aldehyde, which is hydro-
genated to the alcohol and then to the alkane, or possibly water is split from the alcohol, 
forming an alkene prior to the alkane. This reaction route is indicated by the dashed arrows 
in Figure 4. This explanation is in qualitative accordance with the observed intermediates, but 
the proportions in which they are formed called for further investigations of this hypothesis.  
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As a very high alkene/alkane ratio was observed far above equilibrium, the hydrogenation of 
alkene to alkane appears to be a rate-limiting step, and thus the preceding reactions must be 
in quasi-equilibrium. However, the only alcohol observed was 1-dodecanol and not 2-
dodecanol or any other alcohols as would have been expected in this case. Therefore, an-
other reactive intermediate must be involved, and since ketones are known to exist in equilib-
rium with their enol form, a simple conjecture would be that such an enol (possibly in an ad-
sorbed state) is formed and reacts further to form either the alkene or the 1-alcohol. This new 
intermediate is shown in the shaded box in Figure 4. 

To corroborate that the enol intermediate is a vital part of the reactions scheme, further stud-
ies with other model compounds were carried out showing that simple ketones react much 
faster than alcohols. The alcohol would only yield the corresponding alkane and small 
amounts of the alkene, whereas the observed products from ketones were large amounts of 
the corresponding alcohols as well as alkenes and alkanes. This shows that ketones must 
react through a different intermediate and not only through the alcohol.  

Another test was designed to examine whether the possibility of forming an enol intermediate 
has implications for the reactivity. Thus, the reactivities of a ketone with and without hydro-
gen in the a-position was investigated (Figure 5). Without a-hydrogen, the ketone cannot 
isomerise into an enol, and it was also observed that this compound reacted much slower (by 



Novel hydrotreating technology for production of green diesel                                                       10/20          

as much as a factor of 10) and formed quite different products. For the compound shown to 
the left in Figure 5, the corresponding alcohol, two 2,4-dimethylpentenes and 2,4-
dimethylpentane were formed. For the compound shown to the right in Figure 5, only a trace 
amount of the alcohol and at least five different isomers of C9 alkanes and alkenes resulting 
from methyl shifting as well as small amounts of cracked products were detected. 

O

2,4-dimethyl-3-pentanone

O

2,2,4,4-tetramethyl-3-pentanone

Fast Slow

(with a-hydrogen
- can be isomerized to enol form)

(without a-hydrogen
- cannot be isomerized to enol form)

Figure 5. A ketone without hydrogen in the aaaa-position is not able to isomerise into the 
proposed enol intermediate. We observed a much lowe r reactivity of this ketone 
(shown to the right) and a very different product d istribution pattern. 

Several experiments thus gave a clear indication of the fact that a direct catalytic hydrogena-
tion of a carbonyl group does not occur during reaction with hydrogen at modest tempera-
tures over a hydrotreating catalyst. Furthermore, all our results point towards the enol form 
(when formation is possible) being the reactive intermediate for the carbonylic reactants. 

The detailed mapping of the reaction intermediates not only enables rationalization of the 
selectivities observed in industrial operation but also gives clues to how the catalyst should 
be designed to favour certain reactions. Furthermore, understanding how process conditions 
affect the reactivity of feed and intermediate compounds makes it possible to design re-
vamps and new units at optimum conditions tailored to the economy and configuration of the 
refinery. 

Catalyst technology 

In the rational design of catalyst systems for the processing of renewable material, several 
factors have to be taken into account. The catalysts must be able to handle the rough condi-
tions inside the reactor caused by the formation of CO, which inhibits the desulphurization, to 
handle the increased hydrogen consumption and the fast reactions leading to a large tem-
perature increase in the top of the catalyst bed. Furthermore, the problem of a high content 
of n-paraffins in the products with resulting poor cold flow properties also has to be ad-
dressed. 

Depending on the amount and quality of the organic material blended into the diesel feed 
pool, a choice of catalyst which is not designed or tailor-made to handle co-processing may 
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result in poor desulphurization, hydrogen starvation and pressure drop build-up, and the hy-
drotreated product may not meet the required targets for cold flow properties. The challenges 
mentioned above thus have to be carefully evaluated when designing a catalyst solution for a 
hydrotreater treating biofuel. To overcome the problems associated with processing of bio-
components, Topsøe introduced three new catalysts: TK-339 and TK-341, which are both 
HDO catalysts, and an isomerising dewaxing catalyst designated TK-928. Together with our 
graded bed catalysts and our conventional ULSD catalysts, these new products will extend 
the cycle length and ensure that on-spec diesel fuel is produced without any operational 
problems. These catalysts may be employed in both co-processing and stand-alone units 

Pilot plant testing carried out by Topsøe showed that the use of existing hydrotreating cata-
lysts will only give a very limited reaction control in the top part of the hydroprocessing reac-
tor. As the reaction of vegetable and/or animal oils with hydrogen is a highly exothermic 
process that consumes high amounts of hydrogen, the temperature may rise very rapidly in 
the top of the reactor, and the hydrogen partial pressure may be very low at the active reac-
tion sites on the catalyst. These conditions will lead to coke formation, plugging of the cata-
lyst and will cause a high pressure drop as well as increased deactivation rates of the cata-
lyst. Thus, there was an urgent need for an improved catalyst formulation that would enable 
the refiners to convert the components derived from renewable organic material in the feed-
stock at the same time as maintaining a low pressure drop and a low catalyst deactivation 
rate. 

Based on a fundamental understanding of the reaction routes, Topsøe started a programme 
to develop specialized catalysts that allow a more gradual conversion of the renewable feed, 
thereby extending the effective reaction zone and at the same time incorporating functions 
that suppress the formation of carbonaceous deposits on the catalyst. This cannot be done 
by simply lowering the activity of the catalysts, since this will cause the HDS activity to drop 
in a co-processing scheme, which will reduce the unit capacity. Thus, a proper balance be-
tween high stability and high activity was needed, which was obtained with the new HDO 
catalysts TK-339 and TK-341. These catalysts will in combination with a good grading design 
ensure full conversion of the biofeed without compromising the cycle length. 

To illustrate the importance of a proper catalyst system, Figure 6 shows the pressure drop in 
an industrial ULSD hydrotreater, which after two years of operation started to co-process a 
few percent of vegetable oil. The catalyst solution was originally designed for hydrotreating of 
a conventional feed, and when the refiner introduced organic feed, the pressure drop began 
to increase. As a result of this, the refiner was limited as to how much biofeed could be proc-
essed, and it was impossible to continue the operation with the biofeed. Topsøe was con-
tacted by the refinery and upon having studied the feed and the operating conditions, it was 
recommended to replace the upper 30% of the catalyst layer with an alternative mixture of 
graded bed products balanced with the HDO catalyst TK-339. In this specific case it was 
estimated that the existing bulk catalyst would have sufficient activity to meet the targeted 
cycle length, but for other applications a complete catalyst replacement might be required. 
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When the next opportunity for a shutdown of the hydrotreater arose, the new catalyst system 
from Topsøe was installed. As can be seen from Figure 6, the pressure drop has been quite 
stable after this date and at the same very low level as before the introduction of biofeed.  

Figure 6. Pressure drop development when co-process ing vegetable oil with and with-
out Topsøe biofuel catalyst. 

Carbon monoxide inhibition  

In the co-processing test with rapeseed oil, the observed HDS activity was the same as in a 
corresponding test with 100% LGO. This is somewhat surprising, since substantial amounts 
of carbon monoxide and carbon dioxide were detected, which are known to inhibit many 
catalytic reactions. In particular CO is known to be selectively adsorbed on catalytic sites and 
block reactants from adsorbing and reacting. As the product gases are recycled in industrial 
hydrotreating units, and CO is not removed to any significant extent by amine scrubbing, it is 
of great interest to investigate how different types of hydrotreating catalysts are affected by 
CO in the treat gas.  

Pilot plant tests were carried out to investigate how the HDS and HDN activities of CoMo-
type and NiMo-type catalysts respond to co-processing of rapeseed oil (Figure 7). The rela-
tive volume activities were calculated, taking the lower amount of sulphur and nitrogen in the 
feed into account. It is evident that CoMo catalysts were severely influenced by the introduc-
tion of rapeseed oil to the feed. Both HDS and HDN activities were very low compared with 
the case, where pure LGO was processed. In contrast to this, the NiMo catalyst activity was 
almost unchanged when co-processing rapeseed oil. In order to explain these results, a new 
set of tests was conducted, using the pure LGO as feed but using a treat gas consisting of 



Novel hydrotreating technology for production of green diesel                                                       13/20          

1% CO in 99% H2 instead of 100% H2. As shown in Figure 7, the effect of CO is very similar 
to that of co-processing rapeseed oil. For CoMo, the HDS/HDN activity significantly dropped. 
No or little effect was seen for NiMo. It is important to stress that the lower activities observed 
are inhibition effects and not a permanent deactivation. When the CO is thus removed from 
the treat gas or the rapeseed oil is removed from the liquid feed, initial activity will be re-
stored. 

These results showed that the effect of catalyst activity inhibition when processing renewable 
feeds can be explained by the formation of CO in the hydrotreating reactor. It was also 
shown that in almost all cases NiMo catalysts will be the preferred choice for this type of op-
eration. 

Dewaxing catalysts 

Dewaxing Catalysts 

Meeting ULSD specifications and cold flow properties are more and more frequently seen by 
refiners to be a limiting parameter. This is especially the case when hydroprocessed renew-
able products are blended into the diesel pool. Generally, ULSD cold flow properties are ad-
versely affected by the concentration of waxy molecules, which are the normal and slightly 
branched paraffins in the gas oil. The high melting point of the paraffins in the upper ULSD 
boiling range mainly dictates the cold flow properties. 

The common routes taken to improve the cold flow properties of diesel-range products are  
fractionating/blending, the use of additives and catalytic dewaxing.  

The concentration of the long-chain paraffins may be reduced by lowering the end boiling 
point of the ULSD product. This may also be done by removing the heavy end of the feed 
(however, thereby reducing the potential diesel pool) or by blending into low boiling gas oil, 
i.e. high-value kerosene (however, thereby adversely affecting other properties such as 
cetane number).  

CO inhibition for CoMo-type catalyst CO inhibition for NiMo-type catalyst

  

Figure 7. Inhibition effects of co-processing are mainly the result of CO formation. CoMo catalysts  are 
much more severely inhibited than NiMo catalysts. 
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The cold flow properties may be improved by addition of tailored chemicals (such as cloud 
point depressants). This method is effective in many cases; however, for biofuels, it is nec-
essary to add these expensive chemicals in relatively high concentrations. Additionally, many 
chemicals only have high effect on one of the cold flow properties and do not improve an-
other cold flow property, thus requiring the addition of several different chemicals. 

Finally, a more attractive way of effectively improving the cold flow properties of diesel fuels 
is catalytic hydrodewaxing. This technology improves the cold flow properties by selective 
isomerisation and hydrocracking of the normal and slightly branched paraffins. The hydrode-
waxing catalyst is highly zeolitic and either selectively isomerises or cracks mainly the nor-
mal-paraffins, which as mentioned above have poor cold flow properties. The dewaxing cata-
lyst only slightly affects the other compounds of the gas oil (isoparaffins, naphthenes, aro-
matic compounds, etc). An inherent property of all dewaxing type catalysts is the formation of 
some lighter products from the heavier feed components, mainly the formation of naphtha 
and some C1-C4 gas. Depending on the refinery layout, these lighter products may, however, 
make an appreciable contribution to improved refinery margins. 

Different types of dewaxing catalysts exist on the market. Catalysts based on zeolite ZSM-5, 
possibly in combination with a base metal, may effectively lower the cloud point with no or 
even negative hydrogen consumption but have the drawback of giving an olefinic product 
with a low stability. Furthermore, the deactivation rates are often very high for this type of 
catalyst, thus requiring frequent regeneration, and the catalyst does not have any HDS activ-
ity. 

Other types of catalysts are based on noble metals. These types of catalysts are very expen-
sive and very sensitive to organic nitrogen and sulphur compounds and thus call for a sepa-
rate stage in the high-pressure loop and a separate reactor. 

Topsøe has developed TK-928 to effectively solve the issues connected with other types of 
dewaxing catalysts. TK-928 is a sulphidic catalyst supported on an acidic carrier able to op-
erate in a sour environment. TK-928 has medium-high HDS and HDN activity, and thus the 
reactor volume loaded with TK-928 is not lost in terms of desulfurization capacity. The hy-
drogenating activity of TK-928 gives a slightly higher hydrogen consumption, but this will 
translate into improved product properties such as lower density and higher cetane number. 

One option is to load the TK-928 dewaxing catalyst close to the outlet of the reactor, thereby 
permitting the dewaxing function to be switched on/off by temperature control in the last bed 
by use of quench gas and reactor inlet temperature control. To make use of the dewaxing 
catalyst during winter time operation, the reactor temperatures are increased. During sum-
mer time operation, the amount of quench gas injected before the last bed is adjusted to op-
erate the dewaxing catalyst at lower temperatures to limit the activity of TK-928 and the as-
sociated higher hydrogen consumption and yield loss. 
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The Topsøe process technology 

Haldor Topsøe has for many years been involved in the design and revamp of hydroprocess-
ing units for the refining industry in particular within the area of distillate hydrotreating and 
hydrocracking (ULSD, FCC pretreatment, hydrocracking pretreatment and hydrocracking 
units). Topsøe usually supplies a “technology package” comprising a process license, proc-
ess and basic design, detailed design of critical equipment and plant sections, supply of cata-
lysts and specialized equipment, training and assistance during precommissioning as well as 
start-up of the unit. 

In the area of renewable diesel hydrotreating, Topsøe supplies both co-processing and 
stand-alone units either as revamps or as grassroots units. In the area of co-processing, it is 
often considered safe by some refiners to add small amounts of e.g. vegetable oil to a diesel 
hydrotreater without modifying the equipment or the reactor loop design. However, as the 
example with rapeseed oil processing shows, these feed types react much more aggres-
sively than petroleum-derived diesels, and it is thus not straightforward to asses the possible 
implications of even a few percentage points of vegetable oil added. The catalyst and grad-
ing systems are rarely optimized to handle renewable feeds, and therefore a rapid pressure 
drop increase and/or catalyst deactivation might occur. Furthermore, the formation of CO and 
CO2 may over time mean a build-up of these compounds in the recycle gas, and if the purge 
stream is cascaded to other units, these may also be negatively affected. 

On the other hand, the investment in technology modifications needed to process even quite 
large amounts of renewable feeds will often be paid back after a quite short period. The 
economy of scale means that refiners are driven towards producing larger amounts of re-
newables and delivering “greener” blends to the market. Topsøe offers a complete revamp 
package, which ensures that ULSD can still be produced when co-processing. The example 
described below shows how Preem, Gothenburg has managed to accomplish this. 

The first stand-alone unit in the US producing 100% hydrotreated renewable diesel is loaded 
with Topsøe catalyst. Topsøe also offers technology packages for 100% renewable diesel 
units, including an isomerising dewaxing step to meet the most stringent cold flow specifica-
tions.  

Revamp of mild hydrocracking unit at Preem AB Gothe nburg 

Preem AB has partnered with Sunpine AB, which is a company producing RTD based on tall 
oil from the Kraft Paper Mills in the Northern part of Sweden. Tall oil mainly consists of resin 
acids and free fatty acids as well as a number of contaminants in smaller concentrations. 
Through a transesterification process, the majority of free fatty acids are converted to fatty 
acid methyl esters (FAMEs), whilst the resin acids are left almost unconverted. In order to 
transform this so-called raw tall diesel (RTD) into a renewable diesel, Preem AB contacted 
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Topsøe, who had previously revamped some of the company’s refinery units in Gothenburg 
and Lysekil and supplied catalysts for these units. The RTD differs from other feedstocks 
used for renewable diesel production in that it is non-edible, and thus this novel technology 
does not negatively affect the global food shortage or food prices. 

Preem AB was interested in revamping an existing mild hydrocracking unit into a green hy-
drotreating unit, where large quantities of RTD could be co-processed together with light gas 
oil. In brief, Preem AB requested that up to 30% RTD (Raw Tall Diesel) be co-processed with 
light gas oil to produce a renewable diesel meeting all EN 590 specifications. This high frac-
tion of tall oil derived material posed a serious challenge regarding hydrogen consumption, 
exotherm, catalyst selection and corrosion both up- and downstream the reactor. Preem en-
tered into a development agreement with Haldor Topsøe A/S in order to revamp the MHC 
unit with the purpose of producing green diesel based on RTD. The basic engineering was 
recently concluded by Topsøe, and the revamp of the unit is expected to take place by the 
end of 2009 with subsequent start-up early 2010. 

The chemistry for this feed type is slightly different from that of the triglycerides described 
above, as the main constituents are fatty acid methyl esters. However, the two reaction path-
ways are still the same (Figure 8), and the reverse water-gas-shift and methanation reactions 
also occur. The main difference from processing triglycerides lies in the fact that a high yield 
of methane is obtained instead of propane.  
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Figure 8. Reaction pathways in hydrotreating of RTD . 

Handling of high-TAN feed and issues with high exot herm 

As the feed contained many unconverted free fatty acids as well as resin acids, a major con-
cern was the feed handling and the mineral/renewable feed blending system. The high 
amount of acids has the negative effect of increasing corrosion in pipes, heat exchangers 
and fired heaters upstream the hydrotreating reactor. So far this has imposed a limitation on 
the industrial applicability of the attractive concept of hydrotreating mixtures of conventional 
mineral oil with significant proportions of tall oil or tall oil derived material.  

To address this problem, a new RTD feed system was invented by Preem and Topsøe, and 
the mixing with the mineral feed is carried out in several stages. Part of the RTD is intro-
duced at an injection point after the fired heater and prior to entering the reactor. In this way, 
all existing process equipment upstream this injection point is not affected. Another part of 
the RTD feed is introduced between the first two beds of the reactor to control the tempera-



Novel hydrotreating technology for production of green diesel                                                       17/20          

ture profile but also to control the TAN and thereby minimize corrosion. The flow scheme is 
shown schematically in Figure 9. 

Figure 9. Process flow diagram for the revamped uni t at Preem Gothenburg.  

With the described injection system, where RTD is only injected after the fired heater and as 
a liquid quench to the second reactor bed, the hardware subjected to the high-corrosive RTD 
is very limited, and only minor changes to the material selection are necessary. These 
changes have in fact prepared the unit for future operation with an even higher fraction of 
RTD feed.  

Another concern is the large amount of heat released due to the hydrogenation of the RTD. 
In order to control the heat release, the effluent from the first catalytic bed in the hydrotreat-
ing reactor is mixed with fresh RTD feed as described above. In this way quenching is pro-
vided by the RTD. This means that more hydrogen can be used to prevent coke formation 
and fouling, thereby ultimately giving a higher unit reliability and lower investment cost. Fur-
thermore, injecting a part of the RTD as liquid quench provides a relatively higher hydrogen 
partial pressure upstream the reactor, preventing gum formation and corrosion. 



Novel hydrotreating technology for production of green diesel                                                       18/20          

The splitting of RTD into several streams and delaying the mixing of the mineral feed with 
renewable organic material prior to hydrotreating thus serve several purposes. One purpose 
is to eliminate the risk of corrosion particularly of upstream equipment and another purpose 
is to provide a liquid quench, which makes it possible to control the heat release from the 
exothermic reactions, thereby lengthening the lifetime of the hydrotreating catalysts to a sig-
nificant degree.  

Selection of catalyst 

The selection of catalysts must be carried out in accordance with process modifications and 
reaction conditions. Topsøe is in the unique situation of being both a supplier of technology 
and being able to design and manufacture hydrotreating catalysts. It is highly desirable to 
control the temperature gradient in each catalyst bed. Due to a wide portfolio of catalysts, 
Topsøe is able to offer an activity and size grading for better control of the temperature gra-
dient, which becomes even more important when operating the unit at low turn-down ratios. 
However, as the conversion of high amounts of RTD constitutes a very fast reaction consum-
ing substantially higher amounts of hydrogen than in the case of conventional hydrotreating, 
it is necessary to have specialised catalysts for conversion of renewable material. The Top-
søe TK-339 and TK-341 catalysts are especially designed to cope with these reactions and 
to resist formation of coke/gum. In addition to this, high-activity Topsøe BRIMTM catalysts are 
needed to ensure high HDS activity. 

In the present case, Preem chose a catalyst loading consisting of an extended grading sys-
tem, Topsøe’s biofuel catalysts and a Topsøe’s high-activity BRIMTM NiMo catalyst. As the 
RTD is split between the first two beds, the risk of catalyst fouling in the first bed is smaller, 
but in the second bed, a higher amount of grading and biofuel catalyst is required. Pilot plant 
tests in a semi-adiabatical reactor using the same loading as used in the industrial unit 
showed this configuration to be very stable and to be able to operate for extended periods 
without pressure drop problems. 

Handling of CH 4, CO and CO 2 in the recycle gas 

Topsøe has also designed modifications to the recycle gas loop to handle the gases formed, 
in particular CO and CO2. The CO2 can to a large extent be removed in a downstream amine 
wash, but in order to avoid build-up of CO and CH4 in the loop, a purge can be established 
and a methanator be applied to remove CO from the purge gas. If the purge gas is simply 
burnt off, the methanator is obviously not required, but if the purge gas is recovered, CO may 
be an undesirable component. As described above, inhibition by CO is not a concern when 
the right catalyst type is selected. However, the Preem Refinery considered it necessary to 
remove the CO, since the purge gas is used in another refinery unit, where CO would be a 
catalyst poison. The existing purge gas recovery unit is a cryogenic unit that cannot remove 
CO. 

In the methanator, CO reacts with hydrogen to form methane:  
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CO + 3H2 �  CH4 + H2O 

This elimination of CO and CO2 by means of a nickel based methanation catalyst is an inno-
vative solution, where Topsøe relies on a decade-long experience with design of ammonia 
plants where methanation can be regarded as a proven technology. Alternatively, these com-
ponents can be removed by pressure swing absorption (PSA) if the refiner has spare capac-
ity in his PSA unit. 

Another area of concern is the CO2 formed by the decarboxylation reaction route, which in 
the presence of liquid water may form carbonic acid downstream the reactor, where the risk 
of carbonic corrosion in the air cooler and the cold separator is high. Topsøe has developed 
a simple solution to this problem, which can be used in all types of units processing feeds 
with a high oxygen content.  

Revamp overview 

The new unit will produce diesel with specifications in accordance with EN 590 based on 
30 vol% renewable organic material and 70 vol% mineral oil. The paraffin content formed by 
the hydrogenation of the RTD improves the cetane index and lowers the density, but it also 
worsens the cold flow properties of the product. Thus, the blending of RTD is initially limited 
to 30 vol% to ensure a sufficiently low cloud point. Presently, Preem does not require a de-
waxing process, since the light gas oil has good cold flow properties. Thus, a large quantity 
of the RTD can be processed, while still meeting cloud point specifications.  

Compared with the current operating conditions of the mild hydrocracker, the unit will operate 
at a lower temperature when revamped to green diesel production, and the hydrogen con-
sumption will be significantly higher. As a result of the exothermic HDO reactions, the heater 
duty and fuel consumption of the unit will be lower as compared with what is seen for normal 
HDS mode. Thus, while co-processing RTD and fossil LGO, an added bonus will be desulfu-
rization of the gasoil, which is accomplished with less fuel consumption. 

The process solutions offered by Topsøe make it possible to increase the amount of renew-
able feed to be processed. The new feed injection system ensures operation without any risk 
of corrosion particularly of the upstream equipment. At the same time it is possible to control 
the heat release from the exothermic reactions and extend the lifetime of the hydrotreating 
catalysts significantly. Catalysts are tailored for the revamped unit design and ensure a high 
stability while maintaining the required HDS activity. The problems with formation of high 
amounts of CO, CO2 and CH4 are mitigated through a proper purging strategy, methanation 
of the purge gas and by solving the carbonic acid corrosion issue. The revamp solution en-
sures that the unit is very flexible in terms of feed type. The new process design also allows 
for processing of animal fat, oil from algae, jatropha oils, used oils or other triglyceride feed-
stocks that may be available in the future. 
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Conclusions 

Hydrotreating of renewable diesel offers a unique opportunity to produce a sustainable diesel 
fuel completely compatible with existing fuel infrastructure and engine technology. The proc-
ess is very versatile in terms of feed type and thus offers great potential for future operation 
on e.g. algae oils or other high-yield feedstocks that cannot be used for human nutrition. 

There are, however, numerous challenges when hydrotreating organic derived material like 
e.g. a high hydrogen consumption and large exotherms across the catalyst beds, which must 
be faced to avoid catalyst deactivation and fouling. Topsøe has developed specialty catalysts 
for biofuel operation, which ensure low deactivation rates and high stability towards fouling. 
These catalysts may be combined with Topsøe’s high-activity BRIMTM catalyst to ensure that 
ULSD is produced and with TK-928, which gives an isomerising dewaxing activity to obtain 
sufficiently low cloud points. Due to a fundamental insight into the complex reaction mecha-
nisms and a detailed understanding of the difficulties encountered during processing of high 
reactivity bio-components, Topsøe is the market leader within this segment and has a signifi-
cant number of running industrial biofuel catalyst references both in Europe and the US, 
within both co-processing and 100% renewable diesel. 

Hydrotreating of biofuels also requires novel technology solutions that take the new reactions 
and new products into account. The process design developed by Topsøe makes it possible 
to run with high amounts of renewable feed and ensures a high unit reliability and low in-
vestment cost. In addition to the new feed inlet and liquid quench system, solutions were 
developed to mitigate all issues related to large quantities of gases including CO2 and CO 
that might inhibit the catalyst activity and be built up in the loop unless removed. Further-
more, potential corrosion problems caused by high-TAN components in the feed and car-
bonic acid downstream the reactor were carefully addressed in order to ensure a successful 
operation of the hydroprocessing unit. The innovative solutions that were found to overcome 
these challenges are based on Topsøe’s fundamental understanding of the interplay be-
tween detailed reaction kinetics and process technology.  


