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Chapter 6: Experimental Studies on the Performance of Catalytically Hydrotreated 

Fast Pyrolysis oil in a Stationary Diesel Engine  

 

Abstract 

Products derived from the catalytic hydrotreatment of fast pyrolysis oil are potentially 

interesting second generation bio-fuels. They offer distinct advantages over untreated 

pyrolysis liquids in terms of stability, acidity, repolymerisation behaviour and other 

product properties. We here report the preparation of two types of hydroprocessed fast 

pyrolysis oil samples using Ru/C as the catalysts, viz. a mild HDO treated at 320-340 °C 

and 200-250 bar pressure and a 2nd stage oil treated at 340 °C and 200 bar. The products 

were successfully tested as a diesel substitute in a small high-speed stationary 5 kW 

diesel engine. Whereas crude pyrolysis oil could be used in this diesel engine during a 

time period of about 30 minutes before severe deterioration of the engine (heavy smoke 

generation followed by stopping of the engine), undiluted hydroprocessed oils (mild 

HDO or 2nd stage oils) could be used at slightly optimized conditions for a few hours 

without any significant deterioration. The exhaust emissions showed a higher CO content 

but a lower NOx content when compared to diesel, but this is subject to further 

optimization. After a testing period of 1.5 hours, the injectors were visually analyzed and 

very clear pictures of the injectors will be presented using Scanning Electroscope 

Microscopy. They showed that coke deposit and corrosion and / or erosion was evident in 

the runs in which the engine was not operated at optimum conditions. Surprisingly for the 

hydroprocessed oil at proper engine operation, corrosion / erosion patterns on the injector 

surface were absent.   
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1. Introduction  

Second generation biofuels receive a great deal of attention [1-5]. Major drivers are a 

growing awareness of the security of supply and the emissions of green house gases like 

CO2 for traditional fossil resources [1-5]. Well know examples of second generation fuels 

derived from biomass are pyrolysis oil, products obtained from hydrothermal upgrading, 

Fisher-Tropsch diesel from bio-based synthesis gas and bio-ethanol from cellulosic 

biomass.  

Fast pyrolysis of lignocellulosic biomass involves heating of the biomass in an oxygen 

free atmosphere at medium temperatures (450-600 oC) and short vapour residence times 

(< 2 s). The hot vapour is rapidly condensed to avoid the formation of secondary products 

like gases and tar [1]. Typically three different products are formed, fast pyrolysis oil, 

non-condensable gases and char. The pyrolysis oil yield may be up to 75 %-wt. [6]. 

Direct application of fast pyrolysis oil as a biofuel in stationary and instationary engines 

is troublesome, though some success has been reported [7,8]. The product contains 

considerable amounts of water and bound oxygen, leading to an energy content of about 

half of that of crude oil (16-18 vs. 40 MJ/kg). The pH of the oil is low (typically 2-3) due 

to the presence of organic acids and this may lead to corrosion in engines. Furthermore, 

the storage stability of fast pyrolysis oil is rather limited, leading to a viscosity increase in 

time and the formation of solids [6,9]. Besides, pyrolysis oil consists of large sized 

molecules and even small particulates that hamper application as a biofuel due to 

excessive erosion in, e.g., fuel injectors.  

The larger diesel engines of today are very versatile with respect to fuels and are capable 

of running on less sophisticated fuels. Small high-speed diesel engines applied in cars, 

though, require cleaner and optimal fuel properties when compared to large, medium and 

low-speed engines. These features render a larger engine more suitable for testing of 

pyrolysis oil and derivatives derived thereof  [10]. 

Tests using pyrolysis oil in diesel engines have been conducted. Solantausta et al. [11,12] 

used pyrolysis oil in an unmodified high speed diesel engine. The oil itself did not ignite 

and an additive was added (N-Cet from ICI, 5-10 %-vol.). The test was started using 

diesel due to the immiscibility with pyrolysis oil. The main difficulties encountered 
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during the tests were coke deposition on the injector nozzle and clogging of the bore for 

the cylinder pressure transducer. 

An elaborate overview of the application of fast pyrolysis oil and fast pyrolysis oil/diesel 

blends as a diesel substitute was reported by Chiaramonti et al.[13]. The main 

conclusions are:  

- The pH, solid content, extent of lubrication, and ‘thermal stability’ of the 

pyrolysis oil determines the extent of plugging of the injector system, and the 

wear and tear. 

- The construction materials (injector nozzle, needle bodies, pressure valves, 

gaskets and seals) should be able to withstand the low pH of the fuel, but also 

high wear and tear; 

- Heating of the fast pyrolysis oil before injection is possible only for short 

preheating times at temperatures below 90 °C to avoid severe solids formation. 

- The ignition delay is larger than that for diesel, and is affected by the water 

content.  

- The water content is beneficial with respect to NOx emission resulting in a 

considerable lower emission level. 

- The high density and low heating value of pyrolysis oil requires redesign for the 

fuel feeding system. 

Upgrading by emulsification with diesel improves the fuel characteristics and improves 

handling but engine failure is still reported. The time of failure appears to correspond 

reasonably well with the dilution ratio, with a high dilution leading to longer time of 

operation before failure.  

Apparently, many issues need to be resolved to introduce bio-oil into the transportation 

market to replace diesel. Especially the acidic nature of the oil (pH ≈ 3) and its tendency 

for soot formation and re-polymerisation is of prime concern, as it negatively affects the 

performance of the diesel engine within hours of starting. The poor performance of the 

diesel engine was easily recognized from noticeable smoke production in the exhaust, 

right before the diesel engine completely stopped operation.  

The diesel engine is a dedicated piece of equipment, designed and optimized (technically 

and economically) for conventional diesel. The use of such relatively aggressive bio-oils 
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requires modification of various parts of the engine, amongst which the most important 

ones are the fuel pump, the linings and the injection system. It remains to be seen if this is 

sufficient for sustainable operation. 

An integrated strategy involving substantial upgrading of the oil and modification of the 

conventional diesel engine is more likely to be successful. Several upgrading routes are 

reported in the literature to improve the product properties of fast pyrolysis oil and 

allowing easier application in existing engines. Examples of physical upgrading are 

blending of pyrolysis oil with diesel by the use of surfactants and additives/solvents 

[13,14]. Chemical upgrading routes are for instance catalytic alcohol treatments [15] and 

hydroprocessing (a.o. hydrogenation, hydrodeoxygenation and hydrocracking [16-18]).  

Catalytic hydrotreatment has received considerable attention the last decade. Typical 

process conditions are temperatures between 250-450 oC and 100-200 bar of hydrogen 

pressure [19-22] and the use of a heterogeneous catalyst. The process converts fast 

pyrolysis oil in a more hydrocarbon-like product with increased stability, lower (bound) 

oxygen and water content and lower viscosity.  

To the best of our knowledge, testing of hydroprocessed pyrolysis oil in diesel engines 

has not been reported to date. We here report the proof of principle of using upgraded fast 

pyrolysis oil as a substitute for diesel fuel by performing tests in a commercially available 

high-speed stationary diesel engine. Two types of oil have been tested, viz. a mild HDO-

oil and a so-called second stage oil, produced by further hydrotreating the organic phase 

derived from mild HDO. The emissions of the engine tests were monitored as a function 

of time and will be compared with diesel. Furthermore, the injectors after testing were 

inspected visually as well as with SEM for coke deposition and corrosion/erosion 

patterns.  

 

2. Material and Methods 

2.1 Chemicals 

The pyrolysis oil used in this investigation was produced from beech wood and obtained 

from BTG, the Netherlands. The Ru/C catalyst (5 %-wt. pellets) was obtained from 

KAIDA (China). The pellets were crushed before reaction. Diesel was obtained from a 

local fuel station in the Netherlands. 
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2.2 Experimental setup 

Fast pyrolysis oil was hydrotreated in a 5 liter batch autoclave with a maximum operating 

temperature of 350 oC and a maximum pressure of 340 bar. The reactor was equipped 

with an electric heating and can be cooled by an air flow to allow temperature control. 

The reactor was equipped with a Buchi Ulster stirrer. Temperature and pressure were 

continuously measured in the reactor vessel and monitored by a computer.  

 

2.2.1 Hydrotreatment of fast pyrolysis oil 

For a typical experiment, the reactor was filled with fast pyrolysis oil (3 kg) and catalyst 

(150  g, 5 %-wt. on pyrolysis oil), and subsequently flushed with nitrogen gas and then 

pressurized with 100 bar of hydrogen gas at room temperature. The reactor was heated to 

the intended reaction temperature (330 +/- 10 °C) with a heating rate of 2.6 °C/min. The 

pressure in the reactor was increased to 200-250 bar by adding hydrogen gas. After 3 to 4 

h reaction (or when hydrogen uptake ceased) time the reactor was cooled to ambient 

temperatures, the pressure recorded for mass balance calculations and the gas phase was 

sampled. The liquid phase (consisting of an aqueous and an oil phases) was recovered 

from the reactor and weighed. The oil was filtered using an 11 µm filter to remove the 

catalyst. 

 

2.3 Engine testing 

A one cylinder Hatz engine of the type 1D31S was applied for testing. Engine 

characteristics are shown in Table 1. The injectors used were made of conventional steel. 

 

Table 1. Characteristics of the Hatz engine. 

Parameter Value 

Bore/Stroke (mm) 

Contents (cm3) 

Compression ratio 

RPM  

Maximum load standard conditionsa (kW) 

86/65 

377 

21:1 

3000 

5  
a.When diesel is applied as a fuel. 
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For a proper combustion the injection moment of the engine was set at ~20 degrees 

before the top dead centre. The engine was running with a frequency of 3000 rpm (50 

Hz), and could be equipped with a generator attached to an electrical heater to simulate  

engine loading (variable up to 1 kW). The engine exhaust is equipped with a flue gas 

analyzer of rbr-Computertechnik GmbH (rbr-ecom KD). Table 2 shows the components 

measured by the analyzer. 

 

Table 2. Exhaust gases measured by the flue gas analyzer.  

Component Range  Accuracy 

O2 

CO 

NO 

NO2 

CO2 (calculated) 

0-21% 

0-4000 ppm 

0-2000 ppm 

0-200 ppm 

0-10% 

0.1% 

16 ppm 

8 ppm 

10 ppm 

0.5% 

 

Afterwards the injector was removed and studied visually and by SEM. When required, 

the coke deposit on the injector was removed by submerging the injector for 48 h in 

acetone at room temperature, followed by rinsing with water.   

 

2.4 Analyses 

2.4.1 Oil analysis 

The water content of the oil and the aqueous phase was determined by a Karl Fisher 

titration. For the Karl Fisher titrations a 787 KF Titrino device from Metrohm was used. 

A small amount of sample (ca. 0.03-0.05 g) was added into an isolated glass chamber 

containing Hydranal® (Karl Fischer Solvent, Riedel de Haen). The titrations were carried 

out using the Karl Fischer titrant Composit 5K (Riedel de Haen). All measurements were 

performed in duplicate. 

The elemental composition (C, H, N) of the oil phase was analysed using a Fisions EA 

1108 Elemental Analyzer. The amount of oxygen of the sample was calculated by 

difference.  
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The viscosity of several oil products was determined using an AR 1000-N Rheometer 

from TA instruments. The temperature was set at 40 °C, the sheer rate at 0.1 s-1. Each 

sample was measured for at least 10 minutes. 

The flash point of the oil samples was determined with a Grabner Instruments mini 

flashpoint analyzer with a temperature increase of 5.5 °C/min in the range of 30-80 °C. 

 

2.4.2 Gas phase analysis 

The composition of the gas phase was determined with a Varian CP-4900 Micro Gas 

Chromatograph (Varian Micro GC CP-2003) at a sampling time of 90 second. The GC 

was equipped with a FID detector. For product identification and quantification a 10 m 

molsieve (5 A) column and a 10 m of PPQ column were used in series. The molsieve 

column was operated at 90 ºC and 155 mbar to separate H2, CO, CH4, N2, O2. The 

Porapak Q column was operated at 75 ºC and 155 mbar to separate CO2, C2 and C3 

components. Helium was used as the carrier gas. 
 

2.5 Scanning Electron Microscopy 

The injector of the engine after a run was examined using Scanning Electron Microscopy 

(SEM) on a JEOL 6320F instrument equipped with an Energy Dispersive X-Ray 

spectrometer (EDAX) to determine the local chemical composition. 

 

3. Results and discussion 

3.1 Preparation and properties of hydrotreated fast pyrolysis oil 

Fast pyrolysis oil was catalytically hydrotreated in a 5 liter batch autoclave at 320-340 °C 

and 200-250 bar pressure using 5 %-wt. Ru/C as the catalyst. The reaction was continued 

until the hydrogen uptake ceased. After reaction two liquid phases were present, an oil 

phase and an aqueous phase. A total of three runs were conducted producing three 

batches of oil, abbreviated mild HDO, which were combined to obtain ~ 2 kg of oil with 

an oxygen content of 20.3 %-wt. The liquid oil yield for the runs was between 20-40 %-

wt. Half of the mild HDO oil was again hydrotreated at 340 °C and 200 bar pressure to 

produce an oil with an oxygen content of 12 %-wt. (2nd stage HDO oil). 

Relevant properties of mild and 2nd stage HDO oils are given in Table 3.  
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Table 3. Overview of properties of the HDO oils, and the original fast pyrolysis oil 

compared with conventional diesel fuel. 

Properties Diesel Fast 

Pyrolysis oil 

mild 

HDO  

2nd stage 

HDO 

HHV (MJ/kg) 

LHV (MJ/kg) 

Density at 20 °C (kg/l) 

Flash point (°C) 

Viscosity at 40 °C (Pa.s) 

Water content (%) 

pH 

Elemental comp. (dry) 

C (%-wt. ) 

H (%-wt. ) 

N (%-wt.) 

O (%-wt.) 

49.0 

46.0 

0.8 

66 

0.004 

0.007 

n.a. 

 

86.4 

13.7 

0.0 

0.0 

15.7 

13.9 

1.2 

40-65 

0.040-0.10 

27.8 

2-3 

 

39.95 

8.0 

0.04 

52.05 

31.8 

30.1 

1.0 

31.1 

0.17 

4.3 

5 

 

71.6 

7.8 

0.29 

20.31 

37.5 

35.6 

0.9 

30.4 

0.13 

1.6 

6 

 

79.0 

9.0 

n.a. 

12.0 

 

For comparison, the properties of the original pyrolysis oil and diesel are given as well. 

Clear differences in properties are observed between the two HDO oils. Due to the 

second hydrotreatment step, the oxygen content for 2nd stage HDO is lower than for mild 

HDO while the water content is reduced from 4.3 to 1.6 %-wt. Thus, the hydrocarbon 

character is increased upon the second hydrotreatment step.  

The viscosity of the 2nd stage HDO is considerably lower than that of mild HDO. The 

flash point is not affected to a major extent by the second step (~31 °C for both oils).   

Compared to the original pyrolysis oil, the properties of the oils seem considerably better 

for diesel substitution (lower acidity, lower water content, higher energetic value, lower 

bound oxygen content). Also, the viscosities are considerably lower than the crude fast 

pyrolysis oil. Viscosity appears related to the oxygen content as shown by Elliot et al. 

[20,23]. At oxygen contents below about 25 %, the viscosity decreases about linearly 

with the the oxygen content, ultimately reaching the values for hydrocarbons at zero 

oxygen content.  
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The product properties of the hydrotreated samples are still not in the line with those of 

diesel. The energy content is about 20 % lower due to the presence of remaining 

oxygenates and the viscosity is also a factor of 30 higher than diesel. Furthermore, the 

water content in both oils is considerably higher than for diesel. However, the latter does 

not have to be detrimental as it is known that small amounts of water may improve 

engine performance due to the formation of smaller fuel droplets in the engine [3].   

 

3.2 Engine testing 

The engine tests were performed in a Hatz diesel engine (details are listed in Table 1) and 

the exhaust gas composition was measured on-line. A total of 5 runs were performed with 

different fuels, at different engine loading and air inlet temperatures (Table 4).  

 

Table 4. Overview of engine tests performed in this studya.  

Run Feed Engine 

load 

Test time Air inlet 

temperature 

(°C) 

Statusb 

1 

2 

3 

4 

5 

Mild HDO 

Mild HDO 

Mild HDO 

2ndstage HDO 

Diesel 

None  

None 

1 kW 

None 

None 

NA 

30 min 

30 min 

30 min 

30 min 

No heating 

160-170 

160-170 

60-130 

No heating 

Engine failure 

Successful 

Successful 

Successful 

Successful 
a. The engine was operated at 3000 rpm 

b. After the failed run (run 1) the injector was replaced and runs 2 to 5 were conducted with this injector. 

 

In each run, the engine was started with diesel fuel, then switched to an 

ethanol:methanol:water (85:5:10) mixture and subsequently to the pyrolysis oil 

derivative. Two injectors were applied throughout the test runs, one for run 1 and a 

second one for runs 2-5. The latter injector was not replaced and cleaned between runs 2 

and 5 and thus has a longer engine history than  injector 1. In total the engine was running 

successfully on HDO oils for 1.5 h. Whereas crude pyrolysis oil could be used in this 

diesel engine during a time period of about 30 minutes before severe deterioration of the 
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engine (heavy smoke generation followed by stopping of the engine). Details for the 

individual runs will be provided in the following sections.  
 

3.2.1 Engine tests with mild HDO oil 

The mild HDO was initially tested at an air inlet temperature of 15-20 °C (no external 

heating, run 1). After running for 1-2 min, considerable amounts of smoke could be 

observed and shortly after the engine stopped. Analysis of the injector afterwards showed 

large deposits of coke on the injector (vide infra).  

The second test continued using mild HDO oil (Run 2 in Table 4) but now by heating the 

intake air of the engine. Heating to 160-170 °C was required to allow stable and smooth 

operation of the engine. 

 

3.2.2  Engine tests with mild HDO oil under loaded and non loaded conditions. 

After the successful run described earlier the engine was tested under loaded conditions 

(1 kW, air inlet temperature 170 °C). Figure 1 shows the emission data of the engine test 

at loaded and unloaded conditions. 
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Figure 1. Emission data of the engine when operated using HDO I oil as the fuel (loaded 

and unloaded). The air intake was heated to 170 °C. 

 

At loaded conditions, in particularly the CO emissions are considerably higher, indicative 

of incomplete combustion. The NOx emission is independent of the conditions and about 

290-380 ppm.  
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During the run at 1 kW load, the air inlet temperature was varied between 160 and 170 °C 

and its effect on the exhaust emissions were measured. The results are given in Figure 2. 
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Figure 2. Emission data of the engine operated using mild HDO oil versus the air inlet 

temperature (load is 1 kW).  

 

The CO2 and oxygen concentrations seem to be a function of air inlet temperature, with 

higher temperatures leading to a lower oxygen content and higher CO2 content. This 

effect can be attributed to the increased temperature of the air inlet which leads to a 

higher temperature in the engine. This increase of temperature lowers the viscosity of the 

oil, leading to improved atomization and thus a higher fuel input. Apparently, 

temperatures above 165 °C have a positive effect on the combustion process. The CO 

concentration increases slightly when going from 165 to 170 °C, whereas the NOx 

concentration remains almost constant.  

 

3.2.3 Engine test with 2nd stage HDO oil 

The further hydroprocessed HDO was tested as a function of the air inlet temperature at 

zero load (run 4 Table 4). Figure 3 shows the emission data as a function of the air inlet 

temperature. Compared with mild HDO oil, using this fuel the engine was running stable 

already at an air inlet temperature of 60 oC. The lowest emission of CO (~250 ppm) and 

NOx (~300 ppm) was observed at a temperature of the air inlet between 90 and 100 °C. 
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Figure 3. Emission data of the engine operated using 2nd stage HDO oil versus the  air 

inlet temperature.  

 

Emissions for 2nd stage HDO oil (intake air of 90 °C) and particularly the CO and NOx 

emissions are considerably lower than for the mild HDO (intake air of 165 °C). The CO 

emissions drop from 3750 ppm to 1200 ppm, and also the NOx emission is about half of 

the value for mild HDO. Thus, it may be concluded that 2nd stage HDO oil shows a better 

engine performance than mild HDO oil and that further catalytic upgrading to lower 

oxygen and water contents is expected to have an even more positive effect on engine 

performance probably due to improved atomization of the oil. 

 

3.2.4 Emissions of HDO oils versus diesel   

The emissions at the optimal settings for both HDO oils were compared with 

conventional diesel. The air inlet temperature when using diesel was 15-20 °C (not 

heated), for the mild and 2nd stage HDO it was set to 170 °C and 95 °C respectively (run 

2, 4 and 5, Table 4). The oxygen and carbon dioxide concentration for both the HDO oils 

are quite similar to that of diesel. CO emissions for the HDO oils (1100-1200 ppm) are 

significantly higher than for diesel (630 ppm), indicating a more efficient combustion. 

This is likely due to the better atomization of the diesel fuel. 
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Figure 4. Emission data of diesel, mild HDO and 2nd stage HDO oil at (optimized) air 

inlet temperatures of 15-20 °C, 170 °C and 95 °C, respectively (zero engine load).  

 

The NOx emissions for the oils are considerably lower than for diesel, which is a positive 

finding. It could be related to a lower combustion temperature when using the HDO oils, 

which is known to lead to lower thermal NOx emissions [24]. Similar findings (lower 

NOx and similar CO2 emission) were reported by Chiaramonti et al. [25] for untreated 

fast pyrolysis oil. Further reductions of CO emissions for HDO oils are likely achievable 

by proper engine tuning.   

 

3.3 Analysis of the injector nozzle 

Figure 5 shows the SEM pictures of the reference injector. The nozzle hole is about 

circular with a diameter of 203 µm. 

 

 
Figure 5. SEM image of the reference injector. Left: injector tip (35 times magnification); 

Right: nozzle hole (140 times magnification). 
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The injector after run 1 (engine failure) and run 5 (no engine failure, Table 4) were also 

visually analyzed. Severe coke deposition on both injectors was observed, see Figure 5 

for injector appearance after run 1. 

 

 

 

 

 

 

 

 

 

Figure 6. Coke deposition on the injector after an engine test with mild HDO oil (run 1, 

Table 4). 

  

Typical SEM imagines for the injectors of run 1 and run 5 are shown in Figure 7. Clearly 

visible is the large deposition of coke on both the injectors. The surface of the injectors 

shows distinct differences. For the test run leading to engine failure (run 1 in Table 4) the 

surface of the deposit appears rather uneven whereas the injector after run 5 has a rather 

smooth surface. The coke deposit can lead to the malfunctioning of the injector due to 

clogging of the nozzle hole, resulting in reduced atomization or even total failure of 

injection. Deposit formation was also reported in literature by Chiaramonti et al. [25] 

when using blends of pyrolysis oil and diesel. 
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Figure 7. SEM image (32 and 42 times magnification) of the coke deposition on the 

injectors. Left: injector after run 5. Right: injector after the failed engine test (run 1 in 

Table 4) 

 

A magnification of the injector tip and nozzle hole is shown in Figure 8. The left side in 

Figure 7 shows an image of the injector and nozzle hole of the successful run, on the right 

an image of the failed run. 

 

 
Figure 8. SEM picture (109 and 266 times magnification) of coke deposit around the 

nozzle hole of the injectors. Left: the injector after run 5. Right: injector after the failed 

engine test (run 1 in Table 4).  

 

The image on the left shows that the nozzle hole is still round shaped and deposition of 

solids inside the nozzle hole is not visible. In contrast, the injector after the failed run 1 

shows deposition of solids in the nozzle hole, and it also seems that the opening has 

changed from a circular to an elliptical shape. It is well possible that the use of mild HDO 
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at a low air inlet temperature leads to large amounts of coke deposition on the injector 

and in and around the nozzle hole, ultimately leading to lack of atomization. This will 

prevent the auto-ignition which leads to nozzle hole blockage and engine failure. 

After analysis of the injectors by SEM, the coke deposit was removed by subsequent 

acetone and water washing. Subsequently, the metal surface was again investigated by 

SEM. The two injectors used for HDO oils were analysed (one after run 1 and the other 

after the combined runs 2 to 5).  

Figure 9 shows two SEM images of the injector after run 1 (engine failure after a few 

minutes). Compared with the reference injector (Figure 8) the surface still contains 

carbon deposits, even after a thorough cleaning process.  

 

 
Figure 9. SEM images of the injector after the failed engine test using mild HDO  oil (run 

1, table 4). Left: injector tip (36 times magnification); Right: nozzle hole including 

dimensions (188 times magnification) 

 

Furthermore, the surface shows an uneven character probably caused by erosion and / or 

corrosion.  Erosion patterns are also clearly visible in the injector nozzle hole. The nozzle 

hole is less smooth than the reference injector (Figure 8), also indicative for corrosion and 

/ or erosion. Similar observations were reported by Chiaramonti et al. [25] using 

untreated pyrolysis oil derived from pine, sparse bagasse and hardwood. The dimensions 

of the nozzle hole were also determined (Figure 9). Compared to the reference injector, 

the diameter increased from 203 to 252-275 µm, again an indication for 

corrosion/erosion. This increase can lead to malfunctioning of the injector due to a less 



Chapter 6 

 

181 

efficient fuel atomization (or even loss of atomization), leading to a reduction in the 

efficiency of the combustion process.  

 

 
Figure 10. SEM images of the cleaned injector after the good test runs using HDO oils. 

Left: injector tip (36 times magnification); Right: nozzle hole (243 times magnification). 

 

Figure 10 shows two SEM images of the injector after the good test runs and the cleaning 

procedure. Both the injector tip and the nozzle hole do not show corrosion or erosion 

patterns. The diameter of the nozzle hole is on average about 203 µm, which is close to 

the reference injector. Also the edges of the opening do not show the corrosion / erosion 

patterns as in the case of the injector opening of the failed run.  

 

4. Conclusions 

Proof of principle for the use of catalytically hydrotreated fast pyrolysis oil as a biofuel in 

a Hatz diesel engine has been obtained. Good engine performance was achieved only 

after heating the air intake to 170 oC (mild HDO) and 60 °C for 2nd stage HDO. The CO 

emissions are a function of the engine load, with higher loads leading to higher 

emissions. The emissions of CO for the HDO oils are higher than for diesel though the 

NOx emissions are a factor of two lower. Coke deposition and corrosion/erosion of the 

injector nozzle hole occurred when using HDO oil at a too low air inlet temperature as 

shown by SEM analyses.  

 

 

 



Experimental Studies on the Performance of Hydrotreated Fast Pyrolysis oil in a Stationary Diesel Engine 

182 

Acknowledgements 

J. Florijn (BTG, The Netherlands) is acknowledged for assisting with the engine test and 

G. Ten Brink (University of Groningen, Department of Applied Physics, Zernike Institute 

for Advanced Materials) for performing the SEM analysis. A.A.F. Hulsman (University 

of Twente, Faculty of Science and Technology) is acknowledged for performing the HDO 

reactions. The project was financially supported by Senter Novem (projects 0268-02-03-

03-0001 and 2020-04-90-08-001). 

 

References 

 [1]  Forson, F.K.; Oduro, E.K.; Hammond-Donkoh, E. Performance of Jatropha Oil 
Blends in a Diesel Engine. Renew. Energ. 2004, 29(7), 1135. 

 [2]  Kalam, M.A.; Masjuki, H.H. Emissions and Deposits Characteristics of a Small 
Diesel Engine when Operated on Preheated Crude Palm Oil. Biomass and 
Bioenergy 2004, 27, 289. 

 [3]  Nwafor, O.M.I., Rice, G. Performance of Rapeseed Oil Blends in a Diesel Engine. 
Appl. Energ. 1996, 54(4), 345. 

 [4]  Rakopoulus, C.D.; Antonopoulus, K.A.; Rakoupolus, D.C.; Hountalas, D.T.; 
Giakoumis, E.G. Comparitive Performance and Emissions Study of a Direct 
Injection Diesel Engine using Blends of Diesel Fuel with Vegetable Oils or Bio-
Diesels of Various Origin. Energy Convers. Manag. 2006, 47, 3272. 

 [5]  Weiksner, J.M.; Crump, S.L.; White, T. L. Understanding Biodiesel Fuel Quality 
and Performance. Contract No. DE-AC09-96SR18500,  2005.  

 [6]  Diebold, J. P. A Review of the Chemical and Physical Mechanisms of the Storage  
Stability of Fast Pyrolysis Bio-Oils.  2000. NREL/SR-570-27613.  

 [7]  Bridgwater, A., editor, Fast Pyrolysis of Biomass: A Handbook Volume 3. CPL 
press: Newbury Berkshire, 2005. 

 [8]  van den Broek, R.; Faaij, A.; van Wijk, A. Biomass Combustion for Power 
Generation. Biomass Bioenergy 1996, 11(4), 271. 

 [9]  Barth, T.; Kleinert, M. Motor Fuels From Biomass Pyrolysis. Chem. Eng. Technol. 
2008, 31, 773.  

[10]  Kindelan, J.C. Comparative Study of Various Physical and Chemical Aspects of 
Pyrolysis Bio-oils versus Conventional Fuels, Regarding their Use in Engines. In: 
Milne TA, editor. Biomass Pyrolysis Oil Properties and Combustion, 1994, 321. 



Chapter 6 

 

183 

[11]  Solantausta, Y.; Nylund, N.O.; Westerholm, M.; Koljonen, T.; Oasmaa, A. Wood-
Pyrolysis Oil As Fuel in A Diesel-Power Plant. Bioresource Technol. 1993, 46(1-
2), 177. 

[12]  Solantausta, Y.; Gust, S.; Hogan, E.; Massoli, P.; Sipila, K. Bio Fuel Oil - 
Upgrading by Hot Filtration and Novel Physical Methods. Report, VTT, JOR3-
CT98-0253. 2001.  

[13]  Chiaramonti, D.; Oasmaa, A.; Solantausta, Y. Power Generation using Fast 
Pyrolysis Liquids from Biomass. Renewable Sustainable Energy. Rev. 2007, 11(6), 
1056. 

[14]  Chiaramonti, D.; Bonini, A.; Fratini, E.; Tondi, G.; Gartner, K.; Bridgwater, A.V. et 
al. Development of Emulsions from Biomass Pyrolysis Liquid and Diesel and their 
use in Engines - Part 2: Tests in Diesel Engines. Biomass Bioenergy 2003, 
25(1),101. 

[15]  Oasmaa, A.; Kuoppala, E.; Selin, J.F.; Gust, S.; Solantausta, Y. Fast Pyrolysis of 
Forestry Residue and Pine. 4. Improvement of the Product Quality by Solvent 
Addition. Energ.  Fuel. 2004, 18(5), 1578. 

[16]  Adjaye, J.D.; Bakhshi, N.N. Production of Hydrocarbons by Catalytic Upgrading of 
a Fast Pyrolysis Bio-oil .1. Conversion over Various Catalysts. Fuel Process. 
Technol. 1995, 45(3), 161. 

[17]  Adjaye, J.D.; Bakhshi, N.N. Production of Hydrocarbons by Catalytic Upgrading of 
A Fast Pyrolysis Bio-Oil .2. Comparative Catalyst Performance and Reaction 
Pathways. Fuel Process. Technol. 1995, 45(3), 185. 

[18]  Adjaye, J.D.; Bakhshi, N.N. Catalytic Conversion of a Biomass-Derived Oil to 
Fuels and Chemicals .2. Chemical-Kinetics, Parameter-Estimation and Model 
Predictions. Biomass Bioenerg. 1995, 8(4), 265. 

[19]  Elliott, D.C.; Schiefelbein, G.F. Liquid-Hydrocarbon Fuels from Biomass. Abstr. 
Pap. Am. Chem. Soc. 1989, 34, 1160. 

[20]  Elliott D.C.; Neuenschwander, G.G. Liquid Fuels by Low-Severity Hydrotreating of 
Biocrude.   In: Bridgwater, A.V.; Boocock, D.G.B.; editors. Developments in 
Thermochemical Biomass Conversion Vol. 1.; Blackie Academic & Professional: 
London, 1996, 611. 

[21]  Furimsky, E. Catalytic Hydrodeoxygenation. Appl. Catal. A-gen. 2000, 199, 147. 

[22]  Zhang, S.P. Study of Hydrodeoxygenation of Bio-Oil from the Fast Pyrolysis of 
Biomass. Energ. Source. 2003, 25, 57.  

[23]  Rust International Corporation. An Investigation of Liquefaction of Wood: Final 
Report. prepared under subcontract to PNL, DOE/NBM-1060. 1983.  



Experimental Studies on the Performance of Hydrotreated Fast Pyrolysis oil in a Stationary Diesel Engine 

184 

[24]  Turns, R.S. An Introduction to Combustion. McGraw-Hill: New York, 1996. 

[25]  Chiaramonti, D.; Bonini, A.; Fratini, E., Tondi, G.; Gartner, K.; Bridgwater, A.V. et 
al. Development of Emulsions from Biomass Pyrolysis Liquid and Diesel and Their 
use in Engines - Part 2: Tests in Diesel Engines. Biomass Bioenerg. 2003, 25(1), 
101. 




