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Abstract 32 

Recently, the production of sustainable biofuels from algal biomass has gained 33 

significant attention and been investigated as a potential replacement of fossil fuel. 34 

However, existing downstream processes for producing biodiesel from algae cells are 35 

complex, highly energy-intensive, and have high economic and environmental cost. 36 

Therefore, this work introduces an alternative and novel method of utilizing the energy 37 

content of microalgae that precludes lipid extraction by aspirating wet algal biomass 38 

suspensions directly into the intake air of an IC engine. 39 

For all engine experiments, powdered algae cells were prepared as slurries at different 40 

biomass concentrations. The impacts of (i) varying the biomass concentration with 41 

constant suspension injection flowrate into the engine intake and (ii) varying 42 

suspension injection flowrate with constant biomass concentration were investigated.  43 

A correlation between engine work produced during combustion and algal biomass 44 

aspiration was found. At constant flowrate and greater than 5% biomass concentrations, 45 

an increase of energy release during combustion from the aspirated algae could be 46 

observed. However, the aspiration of low concentration biomass suspension produced 47 

a negative impact on engine performance relative to water-only aspiration. The engine 48 

exhaust gas of nitrogen oxides (NOx) was reduced for all algae suspension tests relative 49 

to diesel-only combustion. However, the carbon monoxide (CO) emission level was 50 

much higher relative to diesel-only tests at high biomass concentrations and injection 51 

flowrate. 52 

These findings demonstrate the possibility of utilising the energy content of algal 53 

biomass in combustion without lipid extraction, with added benefits of reducing NOx 54 

emissions. 55 
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1. Introduction 58 

Fossil fuels have been used for centuries and have played a crucial role in human 59 

development. However, with greatly increasing consumption of fossil fuel, many issues 60 

are beginning to affect sustainable economic development and national energy security. 61 

The most serious issue is potential release of carbon dioxide from burning fossil fuel 62 

and the effects on climate change. To control this situation, it is not enough to only 63 

reduce the greenhouse gas (GHG) emissions, but also optimise the efficiency of energy 64 

consumption. Therefore, the development of new renewable energy sources and the 65 

reduction of carbon emissions are of key importance. 66 

Biomass is a diverse source of renewable energy. Its development and utilisation cannot 67 

only help alleviate the increasing depletion of energy resources but can also reduce 68 

emissions of fossil fuel carbon dioxide (CO2), the most produced greenhouse gas [1]. 69 

The combustion of solid, liquid and gaseous biomass fuels to generate electricity and 70 

steam/heat via high-efficiency and low-emission conversion processes has been 71 

developed successfully [2]. Recently, microalgae have gained increasing attention from 72 

researchers and policymakers as it is considered one of the most promising sources of 73 

biofuels for total substitution of fossil fuels. Compared with other sources of biodiesel 74 

such as soybean, rapeseed and sunflower seed, microalgae has several advantages. 75 

These organisms have a high growth rate, high lipid content and low requirement for 76 

nutrition. Meanwhile, the cultivation of microalgae does not compete with food 77 

production and can also absorb CO2 from the atmosphere, thus contributing to an 78 

overall reduction of GHG emissions.  79 

Microalgae can be used in many applications such as food supply, biofertilizer, water 80 

treatment, capture of NOx and COx from flue gas and medical researches [3]. The most 81 

important contribution of microalgae to the energy field to date has been through the 82 

exploration of the biodiesel production from the lipids contained within microalgae 83 

cells, which is a process consisting of many steps; from the cultivation and harvesting 84 

of algae to the oil extraction and conversion of algal lipids into biodiesel. The 85 



downstream processes (harvesting and transesterification) comprise almost 60% of the 86 

total economic cost of producing biofuel from microalgae and hence it is crucial to 87 

reduce this cost [4]. Harvesting contributes 20% to the total cost but this is dependent 88 

on the type of harvesting technology used and the density of the microalgal broth [4]. 89 

By using cell rupturing techniques such as freezing and treatment with organic solvents, 90 

oil extraction costs can be reduced. However, mechanical methods are not 91 

recommended since microalgal cell walls are too thick to allow efficient oil extraction 92 

[5]. Even if the oil is extracted, using methanol and an acidic or alkaline catalyst in the 93 

transesterification reaction also creates obstacles, such as the presence of toxic 94 

chemicals, which require removal or treatment ahead of solvent recovery and recycling. 95 

Due to a need for the integration of multiple steps of processing including harvesting, 96 

extraction and conversion of biomass to biodiesel, the high cost associated with algae 97 

biofuel production has meant that its economic viability remains uncompetitive relative 98 

to petroleum or bioethanol. Therefore, to improve the economics of producing 99 

microalgae-based biofuels, the greatest challenge to overcome is the downstream 100 

process. There is potential therefore in developing alternative approaches to utilising 101 

algal biomass in internal combustion (IC) engine, which avoid conventional routes of 102 

downstream processing. 103 

Utilising algal biomass with less processing intensity will inevitably result in the use of 104 

wet biomass or slurries with a significant water content. The concept of introducing 105 

water into the air fuel mixture of IC engines can be traced back to the early 20th century, 106 

and has been used for the reduction of combustion temperatures and control of NOx 107 

emissions [6]. The easiest way to inject water into an engine is inlet air water injection 108 

(WI), also known as intake air humidification or fumigation [7]. Samec and Dibble [8] 109 

investigated the effect of water injection into the intake air of a boosted diesel engine 110 

and the results indicated that both water injection locations, at the manifold port and 111 

upstream of the compressor, resulted in similar levels of NOx reduction as compared 112 

to a direct injection of a water/fuel emulsion with a 40% v/v water in diesel mixing 113 

ratio. Although the results of water injection have found to be promising in the 114 



reduction of NOx emission, it is important to avoid water condensation and 115 

accumulation in the intake manifold, and also corrosion problems in the cylinder.  116 

The use of solid fuel dusts, for example coal, in diesel engines has a long history of use, 117 

dating back to the 19th century. Rudolf Diesel first investigated the use of dry coal dust 118 

in a compression ignition (CI) engine in 1892 but stopped due to the difficulties in the 119 

handling of a powdered fuel and subsequent fouling of the piston riongs and lubricating 120 

oil [9]. Rudolf Pawlikowski then improved the engine feed system by adding a co-121 

chamber, which can pre-ignite the solid fuel before injecting it into the combustion 122 

chamber [10]. Several German companies developed low speed engines utilising solid 123 

fuel dusts, operating between 100 and 1000 rpm due to the slow burning rate of coal 124 

dust [9]. However, in all cases it was found that the flowrate of direct injection coal 125 

dust limited the engine speed and resulted in high engine wear. Therefore, to overcome 126 

these issues, later work focused on the use of coal slurries, which mix the coal powder 127 

with fossil fuel, known as coal diesel slurry (CDS) or water (coal water slurry) [11]. 128 

This allowed the conventional diesel injection systems to be used during experiments 129 

and reduce the cost of engine modification. 130 

A coal/diesel slurry was first tested by Hanse, who investigated the combustion of a 131 

mixture of 20/80%wt coal/diesel slurry with a coal particle size of 45 – 75 µm and 124 132 

bars injection pressure in a four-stroke Hill engine (model 4R) at 1200 rpm. Due to the 133 

employment of a commercial injection system, the blockage of the injector needle was 134 

significant [11]. Tracy reported on the use of a 30/70%wt coal/diesel slurry with less 135 

than 20 µm particle size tested in a single cylinder four-stroke diesel engine. While the 136 

reduced particle size improved the coal slurry injection rate and engine operation, the 137 

wear of the engine was still 35 times higher than when operated with conventional fossil 138 

diesel [12]. Considering the high NOx and particulates level in exhaust emissions and 139 

significant wear of engine of using CDS [9], recent researches have mostly focused on 140 

coal-water based slurry (CWS) in IC engines. 141 

Tataiah and Wood performed experiments on a four-cylinder Mercedes diesel engine 142 

with CWS in 1980. The results showed that the engine efficiency decreased at high 143 



speed and load, and higher emissions of CO and particulates, but lower NOx, were 144 

obtained when compared with pure diesel operation [13]. Dunlay et al. conducted tests 145 

with CWS (34% coal) on a 2-stroke Sulzer Bros crosshead diesel engine (model 146 

1RSA76) and found out that the thermal efficiency is close to the results of pure diesel. 147 

However, the injector wear was significant due to slurry accumulation during the cold 148 

start of the engine [14]. In 2004, Wilson [15] from TIAX LLC company ran a Colt 149 

Pielstick PC2.6 two cylinder engine with a Kentucky coal-based CWS for one hour 150 

with no major problems. As an alternative to using coal slurry, Soloiu et al. [16] studied 151 

the use of a 10 µm charcoal slurry (25% by weight) on a Yanmar Nf-19 engine and 152 

found engine performance very similar to that with diesel, and net heat release even 153 

higher than in the case of pure diesel operation. 154 

During the same period, the intake air aspiration of coal dust into a CI engine, with 155 

continued direct injection of diesel fuel, was also investigated. Marshall and Shelton 156 

operated a 1400cc Nordberg diesel engine at 1750 rpm with coal dust intake aspiration 157 

for 45 hours, and the results showed several issues, including significant wear, 158 

crankcase oil contamination and an efficiency drop [11]. Rich and Walker continued 159 

this study but at a lower speed of 1000 rpm and found thermal efficiency to drop from 160 

27% (pure diesel) to 11% (diesel and coal dust) [11]. Between 1989 and 1994, 161 

Adiabatics Incorporated company tested dry coal dust and coal slurry with a Thermal 162 

Ignition Combustion System (TICS), which was developed by Kamo et al. [17] to 163 

enable better control of the engine speed and load through more precise delivery of the 164 

coal dust and lower the injection pressure and nozzle wear. This system achieved 165 

improved engine performance than previous tests through the direct injection of coal 166 

dust via the TICS system. 167 

The physical similarities in the particle size of the coal dust and algae powder makes it 168 

a suitable candidate as a source of fuel for combustion engines. However, there is no 169 

report of the use of algal biomass as a slurry in this way. This paper presents a novel 170 

method of utilising algal biomass directly as a second fuel source for an IC engine, 171 



through the engine testing of intake air aspirated algae slurry with a variety of biomass 172 

concentrations and injection flowrates.  173 



2. Experimental Methods 174 

2.1 Preparation of algal biomass slurry 175 

A wild type strain of Chlorella sorokiniana was obtained from the Chinese Academy 176 

of Tropical Agricultural Sciences. Algae cells were cultivated in Tris Acetate Phosphate 177 

(TAP) medium and spray dried (200 oC inlet and 82 oC outlet) to remove all the water 178 

content in and outside of the cells. The biomass suspensions was blended with Reverse 179 

Osmosis (RO) water and prepared in four concentrations: 5%, 7.5%, 10% and 20% 180 

(w/v). All the suspensions were properly mixed in 1L beakers on a magnetic stirrer and 181 

then transferred into 1L Duran bottle. 182 

2.2 Apparatus 183 

The single cylinder direct injection diesel engine used for all experiments was based on 184 

a 2L Ford Duratorq head, with the original combustion chamber geometry preserved 185 

and a compression ratio of 15.8:1. The specification of the research engine and 186 

associated system has been described previously in further detail [18]. The engine was 187 

operated naturally aspirated and the intake pipe modified to mount a liquid spray gun 188 

250 mm upstream of the engine intake valve and deliver the water and biomass slurry 189 

into the engine intake manifold. 190 

 191 

Figure 1. Schematic showing operation of the algal biomass aspiration system and 192 

test engine set-up. 193 



A schematic of the algae aspiration system is shown in Figure 1. The spray gun was 194 

utilised with a supply of compressed air at 1.2 bar, and was gravity fed, necessitating 195 

that two reservoirs for RO water and algae suspensions respectively were installed 196 

200mm above the spray gun, isolated with two independent control valves. This 197 

allowed the injection system to be flushed with RO water between every test run. The 198 

spray nozzle was modified to produce a circular spray pattern. Further details of the 199 

engine and control apparatus are given in Table 1. 200 

During the experiments, several parameters were controlled and recorded by a PC data 201 

acquisition system (National Instruments). A piezoelectric pressure transducer (Kistler 202 

6056AU38) with charge amplifier (Kistler 5011) was used for measuring and logging 203 

the gas pressure in the engine cylinder at every 0.2 crack angle degree (CAD). A 204 

piezoresistive pressure transducer (Druck PTX 7517-3257) was installed in the intake 205 

manifold (at 160 mm upstream of the intake valves) to measure the in-cylinder pressure 206 

at bottom-dead-centre of every combustion cycle. The same PC data acquisition system 207 

utilised for logging in-cylinder pressure was also used to measure various control and 208 

experiment temperatures using K-type thermocouples. The net apparent heat release 209 

rate was derived from the in-cylinder pressure (MATLAB) measured during post-210 

processing, using a one-dimensional and one-zone model assuming homogeneity and 211 

ideal gas behaviour of the cylinder contents. 212 

Engine head model Ford Duratorq 

Engine bottom end model Richardo Hydra 

Number of cylinders 1 

Cylinder bore 86mm 

Crankshaft stroke 86mm 

Swept volume 499.56cc 

Compression ratio 15.8:1 

Maximum cylinder pressure 150 bar 

Peak motoring pressure at test 

conditions 

45 bar 

Piston design Central ω-bowl in piston 

Oil temperature 80 ± 2.5 °C 

Water temperature 80 ± 2.5 °C 

Fuel injection pump Single-cam radial-piston pump (BOSCH 

CP3) 



Injectors 6-hole solenoid controlled (DELPHI DF1 

1.3) 

Electronic fuel injection system 1 μs accuracy (EMTRONIX EC-GEN 500) 

Shaft encoder 0.2 CAD resolution 

Table 1. Engine specification 213 

Exhaust gas sampling occurred 180 mm downstream of the exhaust valves to determine 214 

concentrations of gaseous species. Gaseous species (CO, CO2 and NOx) sampled via a 215 

heated line, were measured by an automotive gas analyser system (Horiba MEXA 9100 216 

HEGR). 217 

2.3 Experimental conditions 218 

Due to the changing viscosity of the water and algae suspension with varying biomass 219 

content, and in order to maintain a constant injection volumetric flowrate for all 220 

experiments, the spray gun was calibrated by adjusting the release valve and measuring 221 

the actual volumes of water and biomass suspension sprayed out during 1 minute. This 222 

calibration procedure was conducted before every test. The water and algae suspensions 223 

were delivered into the engine intake air with flowrates of 40, 49.2, 56 ml/min. During 224 

the tests, the engine was set to a constant speed of 1200 rpm and constant start of diesel 225 

fuel direct injection (SOI) of 5 CAD BTDC (before-top-dead-centre). The injection 226 

duration was varied as necessary to maintain a constant engine  indicated mean 227 

effective pressure (IMEP) of 4 bars when operated with a reference RO water only 228 

aspiration at an injection flowrate of 40, 49.2, 56ml/min. Water only tests were used to 229 

establish a baseline to investigate the effect of aspirating algae suspension on engine 230 

performance and emissions.  231 



3. Results and Discussion 232 

3.1 Effects of algal biomass concentration in aspirated suspensions on combustion 233 

and emissions 234 

In order to investigate the impact of the aspirating algae cells directly into the air intake 235 

on the efficiency of combustion and emissions levels in a diesel engine (Section 2.2), 236 

dry algae powder (C. sorokiniana) was utilised to form a algal suspension with reverse 237 

osmosis (RO) water containing 5% w/v, 7.5% w/v, 10% w/v and 20% w/v dry algal 238 

biomass. A reference RO water was also prepared with no biomass content. 239 

 240 
Figure 2. In-cylinder pressure with aspirated algal biomass suspensions of varying 241 

mass concentration 242 

Figure 2 shows the in-cylinder pressure during direct injection diesel operation with 243 

intake air aspiration of varying concentration of algal biomass water suspensions and 244 

direct injection diesel operation without any water or suspension aspiration into the air 245 

intake at constant injection timing. It can be seen that the in-cylinder pressure rises due 246 

only to compression, and before the start of combustion, it is somewhat higher in the 247 

case of the aspiration of the algal biomass suspension with 20% biomass concentration. 248 

The manifold temperature reduced from an average of 37oC for all other tests to 19oC, 249 

suggesting the increased compression pressure to be likely attributable to an increased 250 

density of the intake air. In the case of water only aspiration, peak in-cylinder pressure 251 

occurs much later than diesel only and all the algae suspensions conditions result in 252 

lower peak in-cylinder pressure than fossil diesel only. 253 



 254 

 255 

Figure 3. Apparent net heat release rate with aspirated algal biomass suspensions of 256 

varying concentration 257 

Figure 3 shows the apparent net heat release rate (HRR) of varying algal biomass 258 

concentration suspensions aspiration and also fossil diesel only. It can be seen that at 259 

all conditions, combustion was predominate premixed, especially apparent in the case 260 

of water only aspiration. Meanwhile, following peak heat release rates during the 261 

premixed combustion phase, HRR in the case of aspiration of 20% algal biomass 262 

suspension has the trace most similar to diesel only and it also drops fast in the water 263 

only condition relative to other cases. It is likely due to the large number of algae cells 264 

in the suspension helped to maintain the premixed burn fraction and results in a similar 265 

diffusion-controlled combustion and HRR as diesel only. 266 

  267 



 268 

Figure 4. Engine IMEP with aspirated algal biomass suspensions of varying 269 

concentration. The error bars presented show plus and minus the standard deviation 270 

from the mean value. 271 

Figure 4 shows the effect of varying the algal biomass concentration of the intake 272 

aspiration suspensions while maintaining a constant duration of fossil diesel direct 273 

injection on engine IMEP, and also reference fossil diesel without any water or 274 

suspension aspiration and where the diesel fuel injection duration was adjust to achieve 275 

an engine load of 4 bar IMEP. Immediately apparent in Figure 4 is an increase in engine 276 

IMEP with the biomass concentration of the aspirated suspensions. It can be seen that 277 

the 20% algae suspension resulted in the highest engine IMEP, and that from a biomass 278 

concentration of 5% to 20%, there is a linear increase in the engine IMEP with an 279 

increase of biomass content. However, also apparent is a decrease in IMEP at 5% algae 280 

content relative to water only (0%) aspiration. Notwithstanding this decrease with a 5 % 281 

biomass concentration suspension, this cautiously suggests that an increase in the 282 

concentration algal cells results in more useful energy towards the engine output.  283 

  284 
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 285 

Figure 5. Ignition delay duration with aspirated algal biomass suspensions of varying 286 

concentration. The error bars present show plus and minus the standard deviation 287 

from the mean value. 288 

Figure 5 shows the ignition delay during combustion with the aspiration of algae water 289 

suspension of varying biomass concentration into the engine intake air, and also that of 290 

reference diesel direct injection without water or suspension aspiration. The ignition 291 

delay is defined as the time between start of ignition (SOI) and start of combustion 292 

(SOC), where SOC is the incidence of positive heat release observed after SOI. It can 293 

be seen in Figure 5 that aspiration of all of the suspensions into engine, except that with 294 

20% algae content resulted in a longer duration of ignition delay relative to diesel only. 295 

This is likely attributable to the water present in the algae suspension, which absorbs 296 

heat from the in-cylinder charge on evaporation and results in a higher specific heating 297 

value, reducing temperatures at TDC and slowing the rates of diesel low temperature 298 

branching reactions which culminate in fuel autoignition [19]. Notwithstanding the 299 

range of error present, it is interesting to note that an increase in the biomass suspension 300 

concentration appears to result in a reduction in the duration of ignition delay. It is 301 

anticipated that potential energy release from the aspirated biomass would only occur 302 

following autoignition of the fossil diesel, and so it is tentatively suggested that this 303 
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effect of the aspirated biomass may in fact be through changes in local temperature 304 

distribution and heat transfer. 305 

 306 

Figure 6. Peak heat release rate with aspirated algal biomass suspensions of varying 307 

concentration. The error bars present show plus and minus the standard deviation 308 

from the mean value. 309 

Figure 6 shows the impact of varying the biomass concentration aspirated through the 310 

air intake on peak heat release rates, and also that from water only aspiration 311 

immediately before and after each test of algae suspension. In the case of 10% algal 312 

biomass aspiration, the water only test result after algae test could not be recorded due 313 

to the biomass accumulated inside engine after long period running and abnormal noise 314 

was detected during the operation. To ensure that the experimental conditions were 315 

consistent during each biomass aspiration test, the engine was operated with direct 316 

injection diesel only for several minutes after water only tests until the IMEP stabilised 317 

at 4 bar with same diesel fuel injection duration as previously observed. Apparent in 318 

most instances in Figure 6, is a reduction in peak heat release rate with aspiration of the 319 

algal biomass suspensions relative to water only, likely attributable to a smaller 320 

premixed burn fraction where a reduced duration of ignition delay (Figure 5) decreased 321 

the time available for fuel and air mixing prior to the start of combustion. Meanwhile, 322 

in the case of all biomass concentrations, results of water only tests before algae 323 

aspiration are always higher than those immediately after, which is suggestive of a 324 
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possible accumulation of algal biomass in the engine intake system during aspiration 325 

as the manifold was only been cleaned after each change of algae concentration. 326 

Additional, aspiration of water only will also cause a side effect on the engine, but it 327 

was eliminated by running with fossil diesel only for at least ten minutes. This is to 328 

allow the IMEP to recover with the same injection duration. 329 

 330 

 331 

Figure 7. NOx exhaust emission level with aspirated algal biomass suspensions of 332 

varying concentration. The error bars present show plus and minus the standard 333 

deviation from the mean value. 334 

Figure 7 shows the effect of varying algal biomass concentration on levels of NOx in 335 

the exhaust gas. It is clear to see that water only has the lowest NOx exhaust level and 336 

that there is a small increase with increasing biomass concentration. In all cases of 337 

intake aspiration, the level of NOx is much lower compared to diesel only. The 338 

formation of NOx during combustion in a diesel engine is related to the rates of thermal 339 

oxidation of nitrogen and has a strong positive correlation with in-cylinder temperature 340 

and peak heat release rates [20]. However, in Figure 2, it can be seen that in most cases 341 

intake aspiration resulted in a higher PHRR than the reference fossil diesel only, which 342 

exhibited the highest NOx exhaust level. Therefore, it is suggested the higher rates of 343 

heat release were insufficient to overcome the significantly lower in-cylinder 344 
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temperatures as a result of the water evaporation and higher specific heat capacity of 345 

the in-cylinder charge [21]. 346 

 347 

 348 
Figure 8. CO exhaust emission level with aspirated algal biomass suspensions of 349 

varying concentration. The error bars present show plus and minus the standard 350 

deviation from the mean value. 351 

Figure 8 shows the effect of varying algae content suspensions aspirated via the air 352 

intake on exhaust gas levels of CO. Notwithstanding, the range of error shown, Figure 353 

8 shows that with aspiration of water or algae suspensions, CO levels increased 354 

significantly relative to diesel only. A similar result of an increase in CO emissions 355 

during the combustion of water/diesel emulsion was observed in a study by 356 

Vigneswaran et al. [22]. This is likely attributable to the lower in-cylinder temperatures 357 

during water or suspension aspiration, as indicated by reduced levels of NOx emissions 358 

(Figure 7), resulting in higher levels of incomplete combustion.   359 
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 360 

Figure 9. CO2 exhaust emission level with aspirated algal biomass suspensions of 361 

varying concentration. The error bars present show plus and minus the standard 362 

deviation from the mean value. 363 

Figure 9 shows the level of CO2 in the exhaust gas with the aspiration of varying 364 

biomass concentration suspensions into the engine intake air. In order to maintain a 365 

constant load of 4 IMEP, a longer injection duration under the water only condition 366 

relative to diesel only combustion was required, and a concurrent increase in CO2 levels 367 

can be seen in Figure 9. Notwithstanding the values of CO2 recorded in the case of the 368 

10 % w/v algae suspension, it is tentatively suggested that levels of CO2 increased with 369 

biomass suspension concentration, in agreement with increasing IMEP (Figure 2), 370 

possibly attributable to greater combustion efficiency or the presence of more algal 371 

biomass available for combustion. 372 
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 374 

Figure 10. Thermal efficiency of diesel engine and extra output work relative to water 375 

only with aspirated algal biomass suspensions of varying concentration. 376 

 377 

Figure 10 shows the impact of aspirated concentration of algal biomass suspensions on 378 

thermal efficiency of diesel engine and extra output work compared with water only 379 

condition. It can be seen that a reduction of thermo efficiency occurred with an 380 

increasing of the biomass concentration. With the increasing of CO emission relative 381 

to water only test (Figure 8), it suggests that more incomplete combustion occurred and 382 

decrease of the combustion efficiency during the algae combustion. Meanwhile, the 383 

extra output work from algal biomass was increased by increasing the biomass 384 

concentration and reached 0.8 kW relative to water only with 20% biomass 385 

concentration. However, 5% biomass concentration gave a negative impact on total 386 

engine output and the energy inputs from 7.5%, 10% and 20% algal biomass were 1.12, 387 

1.5, and 2.99 kW (assuming 5% lost during combustion), which the extra outputs were 388 

only equivalent to 1.33%, 2.86% and 2.65% respectively of additional energy provided 389 

from algae.   390 
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3.2 Effects of algal biomass injection flowrates in aspirated suspensions on 392 

combustion and emissions 393 

Following the engine tests of aspirated algal biomass suspensions with varying 394 

concentration, experiments investigating the aspiration of algal biomass suspension 395 

with varying injection flowrate (40, 49.2, 56 mL/min) were conducted with a constant 396 

biomass concentration of 5% w/v. Reference tests of water only and diesel only were 397 

also conducted. 398 

 399 

Figure 11. In-cylinder pressure with aspirated algae biomass suspensions and water of 400 

varying flowrate 401 

 402 

Figure 11 shows the in-cylinder pressure of varying injection flowrate of aspirated 403 

algae suspension at 5% biomass concentration, and water only, at constant fuel direct 404 

injection duration. Except in the case of 40 ml/min water only, peak in-cylinder pressure 405 

occurs much later and is lower relative to diesel only. A flowrate of 56 ml/min algae 406 

suspension gives the lowest peak in-cylinder pressure, suggesting that the engine output 407 

was reduced due to the lower compression pressure achieved caused by the high 408 

flowrate of algal biomass aspiration. 409 



 410 

Figure 12. Apparent net heat release rate with aspirated algae biomass suspensions 411 

and water of varying injection flowrate 412 

 413 

Figure 12 shows the apparent heat release rates of water and 5% biomass content 414 

suspensions aspiration at variable injection flowrates, and fossil diesel only. It can be 415 

seen from Figure 12 that premixed combustion dominates in all cases and algae 416 

suspension. In the case of 40 mL/min algae biomass aspiration, HRR reduces more 417 

slowly after reaching a peak heat release rate relative to algal biomass suspensions at 418 

higher flowrates, and water only. This suggests that an increase in water flowrate 419 

increases the premixed burn fraction, and thus there is a much smaller diffusion-420 

controlled combustion and so a more abrupt decrease in HRR.  421 



 422 
Figure 13. Engine IMEP with aspirated algae biomass suspensions and water of 423 

varying injection flowrate. The error bars present show plus and minus the standard 424 

deviation from the mean value. 425 

 426 

Figure 13 shows the effect of varying the algae biomass and water injection flowrate 427 

of the intake aspiration suspensions while maintaining a constant duration of fossil 428 

diesel direct injection on engine IMEP. It can be seen that for the water only condition, 429 

the duration of diesel injection duration was increased to remain at 4 IMEP, and so there 430 

was no apparent effect of changing the flowrate of water only aspiration. Meanwhile, 431 

the aspiration of 5% algal biomass consistently reduced IMEP relative to diesel and 432 

water only cases, where the duration of diesel injection was kept constant. In addition, 433 

the exhaust gas temperatures in the cases with algae present had an average 15 °C 434 

increase relative to the water only case, which indicates that with 5% algal biomass 435 

content, combustion of the algal suspensions resulted in a greater amount of energy lost 436 

in the exhaust. However, no clear effect of increasing injection flowrate under constant 437 

algal biomass concentration condition could be seen, despite an anticipated change in 438 

the levels of suspensions present per combustion cycle.  439 
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 440 

Figure 14. Ignition delay duration with aspirated algae biomass suspensions and 441 

water of varying injection flowrate. The error bars present show plus and minus the 442 

standard deviation from the mean value. 443 

 444 

Figure 14 shows the ignition delay during combustion with the aspiration of algae 445 

suspension and water only of varying injection flowrate into the engine intake air. It 446 

can be seen from Figure 14 that aspiration of the algal biomass suspension and water 447 

both resulted in an increase in ignition delay relative to diesel only. Similar results  448 

were observed in Zhao et al.’s research, where the ignition delay increased with the 449 

injection of liquid water at intake port of a diesel engine [23]. Furthermore, an increase 450 

in the flowrate of either further increased the ignition delay; this is to be expected as a 451 

higher flowrate of water or suspension would increase the level of in-cylinder cooling. 452 

However,at a constant injection flowrate, water only results in longer ignition delay 453 

than algae suspension. This is due to the algae cells displacing water and increasing the 454 

suspension density relative to water only, so the level of water present in-cylinder is 455 

relatively less than water only condition and therefore resulted in reduction of ignition 456 

delay.   457 
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 458 

Figure 15. Peak heat release rate with aspirated algae biomass suspensions and water 459 

of varying injection flowrate. The error bars present show plus and minus the standard 460 

deviation from the mean value. 461 

 462 

Figure 15 shows the impact of variable flowrate of algal biomass and water 463 

immediately before and after algae combustion test on peak heat release rate. In all the 464 

flowrate conditions, the results of water only after algae test has lower PHRR than the 465 

one before algae test, which suggest that there is a memory effect after combustion of 466 

algae suspension due to accumulation of algal biomass or water in the engine. This 467 

memory effect was eliminated as explained in Section 2.3. It can be seen in Figure 15 468 

that the changes of algae aspiration flowrate do not have a clear impact on PHRR of the 469 

suspensions or of the subsequent water only tests, outside of the range of experiment 470 

variability shown. 471 
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 472 

Figure 16. NOx exhaust emission level with aspirated algae biomass suspensions and 473 

water of varying injection flowrate. The error bars present show plus and minus the 474 

standard deviation from the mean value. 475 

 476 

Figure 16 shows the effect of varying algae biomass and water injection flowrate on 477 

levels of NOx in the exhaust gas. It can be seen from Figure 16 that there is a linear 478 

decrease in NOx emission levels with increasing injection flowrate for water only and 479 

algae suspension. It is also clear to see that the tests with algae suspension or water have 480 

much lower NOx level in the exhaust gas relative to diesel only. Delivering more water 481 

into the engine per cycle would increase the total amount of water vapour and be 482 

expected to further reduce in-cylinder temperature, and thus decrease NOx production. 483 

Furthermore, under the condition of constant aspiration flowrate, algae suspension give 484 

higher NOx level than water only. According to the previous ignition delay results 485 

(Figure 14), aspiration of water only resulted in a higher ignition delay and lower NOx 486 

emission level relative to algae suspension, which suggests that the in-cylinder 487 

temperature in water only condition is lower than in the case of the algae suspension  488 

aspiration at all flowrates tested.  489 
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 490 

Figure 17. CO exhaust emission level with aspirated algae biomass suspensions and 491 

water of varying injection flowrate. The error bars present show plus and minus the 492 

standard deviation from the mean value. 493 

 494 

Figure 17 shows the effect of varying algae suspension and water injection flowrate 495 

aspirated via the air intake on exhaust gas levels of CO. It can be seen from Figure 17 496 

that all the conditions of algae and water aspiration have higher CO emission levels 497 

relative to diesel only, and that there is increase in these with increasing aspiration 498 

flowrate. This observation is in agreement with previous studies where the water 499 

content of the combustion chamber reduced the in-cylinder temperature and resulted in 500 

more incomplete combustion, which will increase CO formation [24]. Meanwhile, at 501 

constant flowrate, combustion of the algae suspension produces more CO than water 502 

only. It is plausible that the size of aggregated algae cells (50 ~ 100 µm) are much 503 

bigger than the size of diesel droplets (10 ~ 20 µm) [25] and the presence of algae cells 504 

inhibits the air mixing with fuel, thereby causing incomplete combustion of the cells 505 

and producing more exhaust CO. 506 
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 507 

(a) 508 

 509 
(b) 510 

Figure 18. (a) CO2 exhaust emission level with aspirated algae biomass suspensions 511 

and water of varying injection flowrate (b) CO2 exhaust emission level normalized 512 

with respect to the engine IMEP. The error bars present show plus and minus the 513 

standard deviation from the mean value. 514 

 515 

Figure 18 shows the effect of variable injection flowrate of algae suspension and water 516 

at constant biomass concentration on CO2 emission levels in the exhaust gas. It can be 517 

seen that the algae test under 56 ml/min injection flowrate gives the highest CO2 level. 518 

Notwithstanding the extent of the error bars shown, with the flowrate increasing, all the 519 

CO2 levels in algae suspension and water aspiration test increase relative to diesel only 520 
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(Figure 18 a). It is likely due to the extension of fuel injection duration to maintain the 521 

IMEP at 4 bars and combustion of more algae biomass delivered into the engine 522 

produce more CO2 emission. However, in Figure 18 (b) it can be seen that CO2 emission 523 

during aspiration of water only and the algae suspensions remain higher than that during 524 

diesel only combustion when normalised with respect to engine IMEP, suggesting a 525 

decrease in the thermal efficiency of the engine under these conditions. 526 

 527 

 528 

Figure 19. Thermal efficiency of diesel engine and extra output work with aspirated 529 

algae biomass suspensions of varying injection flowrate. 530 

Figure 19 shows the effect of varying injection flowrate of algal biomass aspirated via 531 

the air intake on thermal efficiency of diesel engine and the extra output work relative 532 

to water only. In all flowrate condition, there were less extra output work of diesel 533 

engine than water only, which suggest that the algal biomass has negative impact on 534 

the engine combustion under low biomass concentration and results in reduction of total 535 

engine output. Meanwhile, a decreasing of thermal efficiency was observed with 536 

increasing of aspiration flowrate. Alone with the increasing level of CO emission 537 

(Figure 17), it indicates that the increasing of aspiration flowrate significantly affect the 538 

combustion quality and produced more incomplete combustion during engine operation.  539 
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4. Conclusion 540 

The direct aspiration of algal biomass slurry in the air intake of a diesel engine was 541 

investigated as an alternative route of utilising the energy content of microalgae without 542 

a complete dewatering process to lower the cost and energy input of algae biofuel 543 

production. From the research of combustion and emissions characterisation of algae 544 

slurry in a modern compression ignition engine, the results can be summarised in the 545 

following conclusions: 546 

1. At algal biomass suspension concentration of more than 7.5% w/v, an increase in 547 

IMEP was observed, suggesting a positive contribution of the aspirated algae 548 

biomass to useful work output.  549 

2. However, at 5% w/v algal biomass concentrations, the presence of the algal cells 550 

resulted in a reduced IMEP relative to an equivalent aspiration flowrate of water 551 

only. It was possibly due to the greater degree of energy lost in the exhaust during 552 

the combustion of algae suspension. 553 

3. All the engine combustion with the aspiration of water (with and without algae) 554 

reduced NOx emission levels relative to reference diesel. With increase of biomass 555 

concentration, NOx level increased. However, increasing aspiration flowrate 556 

resulted in a reduction of NOx emission. 557 

4. Both of CO and CO2 emissions levels increased in all cases, which indicates that 558 

the present of algae cells contribute additional carbon source to increase the CO2 559 

emission level. Meanwhile, the presence of the algae increases levels of incomplete 560 

combustion. 561 

The experimental results proved the possibility of increasing the total engine output by 562 

aspirating algal biomass into the engine, however, it decreased the thermal efficiency 563 

of the engine combustion. In order to receive better result of delivering algal biomass 564 

into IC engine, the air intake should be redesigned to avoid any blind angle between the 565 

biomass injection point and combustion chamber. It also suggests examining the 566 



aspiration of algae suspension in smaller engine with large surface area to volume ratio 567 

to achieve better combustion efficiency. Moreover, it is not ideal to transport significant 568 

volume of algae suspension over a long distance due to the sedimentation of algae cells. 569 

Therefore, it is suggested that rather it could be used for stationary power generation 570 

nearby the algae cultivation.  571 
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