
Articles
https://doi.org/10.1038/s41893-018-0172-3

1Department of Agricultural and Biological Engineering, University of Illinois at Urbana-Champaign, Urbana, IL, USA. 2Laboratory of Environment-
Enhancing Energy, and Key Laboratory of Agricultural Engineering in Structure and Environment, Ministry of Agriculture, College of Water Resources 
and Civil Engineering, China Agricultural University, Beijing, China. 3Department of Mechanical Science and Engineering, University of Illinois at Urbana-
Champaign, Urbana, IL, USA. 4Prairie Research Institute – Illinois Sustainable Technology Center, University of Illinois at Urbana-Champaign,  
Champaign, IL, USA. *e-mail: yzhang1@illinois.edu

Wet biowaste-to-energy conversion, especially to high-
value transportation fuels, is of rising interest. The United 
States annually produces 79 million dry tons of wet bio-

waste from food processing and animal production1,2. The energy 
content of wet biowaste streams (~1.3 ×  1012 MJ) is about 60% of the 
current US renewable biofuel energy production (~2.2 ×  1012 MJ)2 
(https://www.eia.gov), but is not effectively harvested. The high 
water content (80–99%) of wet biowaste is a major bottleneck, pre-
venting many bioenergy conversion technologies from achieving 
a net positive energy balance. Life cycle analyses have shown that 
drying biowaste for conventional solvent extraction techniques con-
sumes about 90% of the energy content of the recoverable oils3,4. 
With wet biowaste rapidly increasing due to urbanization, indus-
trialization and growing population, finding an effective means of 
repurposing biowaste becomes increasingly crucial2,5. Moreover, 
the World Bank has projected a 70% global increase in urban waste 
and an 83% increase treatment cost by 20256. Treating biowaste will 
become increasingly expensive, particularly for developing coun-
tries. It will cost developing countries about 2% of global gross 
domestic product to treat the human waste7,8. Consequently, a para-
digm shift to consider biowaste as a resource rather than a waste is 
key for a sustainable future.

HTL is well suited for the valorization of wet biowaste because 
it (1) uses water as the reaction medium and (2) converts non-lipid 
components into biocrude oil5,9. Unlike the production of conven-
tional biodiesel from lipid-containing feedstocks such as soybean, 
HTL enables efficient energy recovery from the downstream of the 
human food chain, avoiding competition between bioenergy pro-
duction and farmland and food supply9,10. HTL has been proven 
to convert 30–70% of organic components into biocrude oil with 
heating values of 32–38 MJ kg−1 (75–90% of the petroleum heating 

value)11,12 at various temperatures (260–320 °C)13–15, reaction times 
(15–120 min)13–15 and water contents (65–90%)16.

Biocrude oil converted from biowaste contains 26–44 wt% distil-
lation fractions that, with further upgrading, are suitable for blend-
ing with transportation fuels such as diesel12,16. The diesel industry 
has recently consumed 22% of energy supplied to the US trans-
portation sector and accounted for 24% of greenhouse gas (GHG) 
emissions by the US transportation sector17,18. In response to grow-
ing environmental concerns, the transportation industry is explor-
ing economical and environmental solutions to reduce its GHG 
emissions for sustainable growth. A critical step for biocrude com-
mercialization is the production of blendstocks with fuel proper-
ties complying with the standards so that conventional distribution 
infrastructures can be employed19.

However, fuel specification analyses and engine tests of blend-
stocks refined from HTL biocrude oil are limited because of oxygen 
and nitrogen contents12,13,20, fuel stability19,21, the distillation proper-
ties of HTL biocrude oil22 and the cost of upgrading HTL biocrude 
oil23,24. Upgrading the HTL biocrude oil to improve its fuel specifi-
cation therefore is needed. Catalytic upgrading or hydrotreating of 
the HTL biocrude oil has been extensively studied in the past few 
years10,19,25–27. Without an external hydrogen source, the poor qual-
ity of the upgraded HTL biocrude oil remains a major bottleneck 
for fuel applications20,24,26,28. Because of these barriers, there is no lit-
erature evaluating the fuel specification and engine performance of 
(upgraded) HTL biocrude oil converted from wet biowaste.

Here we present an integrated approach that combines distil-
lation with esterification and enables the use of HTL biocrude oil 
as diesel blendstocks. In contrast to previous upgrading processes 
(for example, hydrotreating)10,25,26, the distillation separated HTL 
biocrude oil into different fractions with lower viscosities so that 
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further upgrading (esterification) could be more effective. The dis-
tillate fractions with the closest physicochemical properties to petro-
leum diesel were subjected to esterification, which requires neither 
hydrogen gas nor expensive catalysts. To verify the approach, this 
study investigated the combustion and emissions of a diesel engine 
when using both a blended biofuel (containing 10–20 vol% HTL 
biofuel) and a petroleum diesel. Over the 20 engine conditions, we 
found 96–100% power output on average and a similar level of pol-
lutant emissions (101–102% NOx, 89–91% CO, 92–125% unburned 
hydrocarbon and 109–115% soot emissions) to petroleum diesel 
when using blended biofuel.

In this study, we simultaneously created a value-added prod-
uct from wet biowaste and eliminated a bottleneck in upgrading 
HTL biocrude to transportation fuel. We proved the feasibility of 
HTL biocrude converted from wet biowaste to transportation fuel 
without hydrotreating, and with comprehensive fuel specification 
analyses and engine tests. Results from this study provide an alter-
native approach to biowaste-to-energy valorization and bridge the 
research gap for co-optimizing biofuels and engine technologies.

HTL feedstock characterization and HTL of wet biowaste
Characterization of HTL feedstocks is shown in Table 1. Swine 
manure is one of the most well-studied HTL feedstocks. Food 
processing waste from a salad dressing plant (SDP) was selected 
as another type of wet biowaste. Swine manure contains average 
amounts of crude protein, crude fat and lignocelluloses, while SDP is 
mainly composed of crude fat and non-fibre carbohydrates (Table 1).  
The composition of swine manure is similar to other types of wet 
biowaste such as human waste28. Thus, swine manure can be con-
sidered as a representative of faecal matter, which generally has an 
optimal thermal condition of 280–350 °C with a 0.5–2 h reaction 
time under HTL12,14,28. Based on previous studies with the same type 
of biowaste29, we converted swine manure at 280 °C with a 2 h reac-
tion time for up-scaled biocrude oil production, which was used for 
further distillation and characterizations.

In contrast, the composition of SDP resembles greasy biowaste 
such as slaughterhouse waste28 and rendered animal fat30. SDP was 
considered a representative of biowaste from the food process-
ing industry, which typically has an optimal thermal condition of  
250–300 °C with a 0.5 h reaction time under HTL28. We also con-
ducted a series of HTL tests to determine the optimum reaction 
conditions (260 °C for 0.5 h) for up-scaled biocrude oil production 
from SDP. More details are available in Supplementary Table 1. 
Mineral compositions of swine manure and SDP were also charac-
terized (Supplementary Table 2).

Distillation of biocrude converted from wet biowaste
Biocrude oils converted from food processing waste (SDP, Fig. 1a) 
and swine manure (Fig. 1d) were distilled into several distillates. 
Distillation separated 75% and 41% of distillates from SDP- and 
swine manure-derived HTL biocrude, respectively, when heated 
from room temperature to 400 °C. The distillates from SDP-derived 
biocrude oil (SDP distillates) contained 73 wt% oil and 2 wt% mois-
ture contents, while the distillates from swine manure-derived 
biocrude oil (swine manure distillates) contained 28 wt% oil and 
16 wt% moisture contents (Supplementary Table 3). Additionally, 
the SDP- and swine manure-derived biocrude oil contained 11 and 
42 wt% distillation residues, respectively. The characterizations of 
the distillation residues are also available in Supplementary Table 3. 
About 11 and 15 wt% of the SDP- and swine manure-derived bio-
crude oil, respectively, were lost during distillation. Optimization of 
the distillation is needed for an up-scaled process in future studies.

Analyses of distillate fractions
We have characterized distillate fractions separated from SDP- and 
swine manure-derived HTL biocrude (Fig. 1 and Supplementary 

Table 3). Density, viscosity and elemental compositions of jet fuel 
and diesel were also measured for comparison. Viscosity plays 
an important role in the fuel injection, atomization and combus-
tion processes31. Figure 1b,e demonstrates that the viscosities of 
the HTL distillates generally increased as the distillation tem-
perature increased. The SDP distillates recovered at 218–310 °C  
and the swine manure distillates recovered at 183–196 °C presented 
the closest viscosities to those of diesel (Fig. 1b,e). The viscosities 
of SDP distillates generally increased with the distillation tempera-
ture. In contrast, for swine manure distillates, their viscosities first 
increased in fractions recovered at 99–161 °C (Supplementary Table 3)  
and then decreased in the fractions recovered at 161 °C–183 °C, 
which could be attributed to the reduction of phenolic compounds 
(Supplementary Table 5). For example, the viscosity of phenol at 
room temperature (12 mm2 s–1)32 was almost four times that of diesel 
(3.75 mm2 s–1). Subsequently, the viscosities of swine manure distil-
lates increased again in the fractions recovered at 183–189 °C. This 
could be due to the higher concentration of fatty acids and fatty 
esters32 (for example, hexadecanoic acid) in the fraction recovered 
at 183–189 °C than that in the fraction recovered at 161–183 °C. The 
viscosity decreased again in the fractions recovered at 189–196 °C, 
possibly from the reduction of phenolic compounds.

We also calculated higher heating values (HHV) and measured 
the carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) con-
tents of SDP and swine manure distillates (Fig. 1). The SDP dis-
tillates recovered at 233–310 °C and the swine manure distillates 
recovered at 161–196 °C presented similar HHV and carbon and 
hydrogen contents to those of transportation fuels. Notably, the SDP 
distillates recovered at 233–310 °C demonstrated the closest HHV 
and levels of carbon, hydrogen and nitrogen to those of transporta-
tion fuels. The reduction of the oxygen contents of swine manure 
distillates results primarily from the removal of water (Fig. 1e).

Relative concentrations of each chemical in the two HTL dis-
tillates are shown in Supplementary Tables 4 and 5. Gas chroma-
tography–mass spectrometry (GC–MS) results show that the major 
compounds in the SDP distillates were hydrocarbons and fatty acid 
derivatives (Fig. 1c and Supplementary Table 4). The SDP distil-
lates recovered at 233–310 °C mainly contained alkanes and alkenes 
with carbon numbers of 8–19, which were in the range for jet fuel 
(10–14)33 and diesel (8–21)34. These fractions also contained satu-
rated and unsaturated fatty acids with carbon numbers of 6–18. 

Table 1 | Chemical and elemental compositions of swine  
manure and food processing waste used in this study  
(dry weight basis, dw%)

Compositions (dw%)a Swine manureb Food processing 
waste from a SDP

Crude protein 24.3 ±  1.6 (n =  5) 2.76

Crude fat 19.9 ±  1.6 (n =  5) 40.8

Hemicellulose 26.6 ±  2.4 (n =  5) NDd

Cellulose 5.1 ±  3.2 (n =  5) NDd

Lignin 2.9 ±  1.9 (n =  5) NDd

Non-fibre carbohydratesc 6.4 ±  4.5 (n =  5) 50.27

Ash content 14.3 ±  2.0 (n =  5) 6.17

C 41.1 ±  0.3 (n =  2) 54.0 ±  1.6 (n =  2)

H 5.42 ±  0.1 (n =  2) 7.93 ±  0.3 (n =  2)

N 3.36 ±  0.1 (n =  2) 0.57 ±  0.01 (n =  2)

Ob 50.1 37.5
aReported by dry weight basis. bAverage values were reported based on the previous studies using 
the same type of swine manure10,47,53. cCalculated by difference (that is, non-fibrous carbohydrate 
(%) =  100 – crude fat (%) – crude protein (%) – hemicellulose (%) – cellulose (%) – lignin (%) – 
ash content (%); O(%) =  100 – C(%) – H(%) – N(%)). dNot detected.
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Upgrading would be needed to modify these fatty acids. The swine 
manure distillates recovered at 161–196 °C mainly contained hydro-
carbons and phenols (Fig. 1f and Supplementary Table 5). Alkanes 
with carbon numbers of 10–18 in these swine manure distillates 
were suitable for transportation fuel application33,34, while phenols, 
fatty acids, nitrogen-heterocyclic compounds and fatty nitriles 
needed upgrading. In particular, phenols and fatty acids would lead 
to an undesirable high acidity in fuel application.

The SDP and swine manure distillates contained fatty acids and 
phenols that may cause a relatively high acidity for fuel applica-
tion (Fig. 1c,f). For the SDP distillates, the acidity (reduced from 
208 mg KOH per g to 1 mg KOH per g) decreased as the distilla-
tion temperature increased. However, the acidity of SDP distillates 
was much higher than the maximum value (0.3 mg KOH per g) for 
biodiesel application35. The high acidity levels in the light SDP dis-
tillates (recovered at 198–233 °C) were mainly due to the presence 
of organic acids such as acetic acid, hexanoic acid and octadecenoic 
acid. More details are available in Supplementary Table 4. Therefore, 
upgrading SDP distillates to reduce their acidity was necessary.  
In contrast, the acidity of the swine manure distillates was primarily 
due to phenols and organic acids, making swine manure distillates 
more complex to upgrade than the SDP distillates.

Considering the distillation characteristics, viscosities, densi-
ties, heating values and the elemental and chemical compositions of 
various types of distillates, the SDP-derived distillates were selected 
to demonstrate their suitability for diesel blendstocks.

upgrading the distillates from SDP-derived biocrude oil
Esterification is an effective method to reduce the acidity of high free 
fatty acid (FFA) containing bio-oil from 40 mg KOH per g to < 1 mg  
KOH per g36,37. The distillate fractions recovered at 233–278 °C  
from SDP-derived biocrude were combined for esterification 
because of their moderate acidities (35.3 mg KOH per g on average) 

and similar densities (816 kg m−3 on average) and energy contents 
(47 MJ kg−1 on average) to petroleum diesel. We have conducted an 
orthogonal array design (OAD) with three levels (Supplementary 
Tables 11 and 12) to investigate the effects of reaction temperature, 
reaction time, catalyst loadings and molar ratio of distillates to 
methanol on the acid-catalysed conversion of FFA to methyl esters. 
The yield and acidity of esterified oil samples are summarized in 
Fig. 2a. The OAD tests show that the lowest acidity was achieved at 
50 °C for 2 h with 2 wt% H2SO4 and 1/15 molar ratio of SDP distil-
lates to methanol.

The OAD determined the influence of the process variables on 
the yield and acidity of esterified SDP distillates and allows us to 
select process variables that maximize esterification yield or mini-
mize acidity. Through OAD, one can compute the average value (k) 
of an interested property (such as acidity) at a fixed value of a spe-
cific process variables (such as time). As an example, the acidity for 
the three experiments at the 0.5 h level was 7.28 (condition 1), 1.60 
(condition 4) and 2.76 (condition 7), so that the mean value of acid-
ity at level 1 for time was 3.88 (Fig. 2a and Supplementary Table 6).  
In this example, although the time was fixed at 0.5 h to generate 
these acidities, all other variables were varied at three levels. The 
influences of reaction temperature, catalyst loading and molar ratio 
of feedstocks to methanol, thus, were reflected in this particular 
data set. We have calculated the mean values for yield and acidity 
at three levels of the investigated process variables. Supplementary 
Table 6 shows the mean values (k1, k2 and k3) for different proper-
ties at levels 1, 2 and 3 of each variable investigated. The larger the 
range of the process variable (for example, time), the more influ-
ence the specific process variable had on the property of interest  
(for example, acidity). In summary, a longer reaction time and a 
higher molar ratio of feedstocks to methanol were preferred to 
achieve a higher esterification yield; a higher temperature favours 
a forward reaction and thus can reach a lower acidity. However, 
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an excessively high temperature (>65 °C) is unfavourable because 
methanol would be vaporized over its boiling point36,37.

Esterified samples that presented the highest (conditions 1 and 8 
in Fig. 2a) and the lowest acidities (conditions 3 and 6 in Fig. 2a) were 
subjected to elemental (Supplementary Table 7) and GC–MS analy-
ses (Fig. 2b) to confirm their energy contents and chemical com-
positions after esterification. Supplementary Table 8 also includes 
the chemical compounds in these esterified samples. We validated 
that the energy contents of esterified samples increased (from 46 
to 47 MJ kg−1) due to the increasing carbon and hydrogen contents 
attributed to successful conversions of fatty acid methyl esters (Fig. 2b  
and Supplementary Table 7). GC–MS analysis verified that esterified 
samples obtained at conditions 3 and 6 contained higher concentra-
tions of fatty acid methyl esters (Supplementary Table 8) than those 
at the experimental conditions 1 and 8. This indicates that an effec-
tive esterification was realized at conditions 3 and 6.

Through the OAD test, we have identified that reaction time 
and the molar ratio of distillates to methanol are the major vari-
ables affecting the yield and acidity of esterified samples (with larger 
ranges of k in the OAD tests). Therefore, we have explored lower 
molar ratios of SDP distillates to methanol (Fig. 2c) and longer reac-
tion times (Fig. 2d) than the investigated range of the OAD test.  
A reaction temperature of 50 °C was selected because lower reaction 
temperatures are preferred. A 2 wt% H2SO4 was chosen for addi-
tional tests to minimize the catalyst (H2SO4) needed during esterifi-
cation. The molar ratio of SDP distillates to methanol was reduced 
from 1/15 (optimal conditions from the OAD test) to 1/5 at 50 °C 
for 2 h with 2 wt% H2SO4 (Fig. 2c). The acidity of the esterified sam-
ple increased from 0.8 to 2.3 and then to 5.8 mg KOH per g sample. 

The maximum acidity for a B10 biodiesel (10% biodiesel blend) is 
0.3 mg KOH per g sample35. If the esterified SDP distillates are to 
be blended with another 90% of petroleum diesel (~0 mg KOH per 
g sample) and used as a B10 biodiesel, the maximum acidity of the 
esterified SDP distillates would be 3.0 mg KOH per g sample. Hence, 
a 1/9 molar ratio of SDP distillates to methanol was selected for fur-
ther investigation regarding the effect of reaction time (Fig. 2d).  
As the reaction time increased from 2 to 4 h and then to 6 h, the acidity 
of the esterified sample decreased from 2.3 to 0.9 and then increased 
to 1.1 mg KOH per sample, while the yield was around 90–92 wt%. 
Thus, a 4 h reaction time was selected to prepare esterified SDP distil-
lates for fuel specification analysis and diesel engine tests.

Fuel specification analysis and diesel engine tests
Esterified samples (from the distillate fractions recovered at  
233–278 °C) plus the distillate fraction recovered at 305 °C were 
used to formulate a diesel blend with petroleum diesel. Two blends 
were tested: HTL10 (containing 10 vol% of the HTL distillates) and 
HTL20 (containing 20 vol% of the HTL distillates). According to 
the literature21,31,38, specifications including viscosity, acidity, sul-
fur content, cetane number, lubricity and surface tension are rela-
tively important for bio-derived diesel blendstocks. Although the 
surface tension is not specified in the ASTM International standard 
(D7467) for B6-B20 biodiesel35, it is an important fuel property that 
affects atomization in diesel engines39. As Table 2 shows, the acidity, 
surface tension, cetane number, lubricity and oxidation stability of 
HTL10 and HTL20 met the ASTM criteria for biodiesel application.

The cetane number is a critical dimensionless value indicating the 
readiness of the fuel to auto-ignite when injected into a diesel engine31. 
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A high cetane number indicates a low ignition delay before combus-
tion and hence is favoured. In this study, the cetane number decreased 
from 44.2 to 43.6 as the addition of HTL distillates increased from 
10 to 20 vol%. HTL distillates may contain chemicals that are hard 
to ignite. For instance, aromatics and olefins have a low cetane num-
ber. According to GC–MS analysis, the esterified SDP distillates con-
tained indene derivatives, which could possibly lead to a low cetane 
number (Supplementary Table 8). A similar phenomenon regarding 
combustion behaviour of olefins has been reported previously40.

The lubricity of a fuel indicates its ability to reduce wear and fric-
tion31. Poor lubricity leads to severe wear problems because the fuel 
injection system is lubricated by the fuel itself. For most petroleum 
fuels, viscosity is correlated to lubricity31. As Table 2 shows, the wear 
scar diameter for lubricity and viscosity decreased by 11 and 18%, 
respectively, when the addition of HTL distillates increased from 
10 to 20 vol%. A lower wear scar diameter means a higher lubric-
ity. Because HTL distillates from SDP-derived biocrude contained 
hydrocarbons with smaller carbon chains (for example, decane) 
than petroleum diesel, the viscosities of the blends (HTL10 and 20) 
were reduced. For instance, the viscosity of decane is 0.8 mPa s and 
that of tetradecane is 2.1 mPa s32.

The oxidation stability of biodiesel is linked to the presence of 
unsaturated compounds, particularly unsaturated fatty acid methyl 
esters and fatty acids, because they tend to degrade over time in 
storage38. HTL10 and HTL20 demonstrated an advantageous oxi-
dation stability of more than 48 h, which is much longer than that 
of the conventional biodiesel (for example, Camelina oil methyl 
esters). There was no rapid oxidation in HTL10 and HTL20.

The existent gum content was measured to understand if there 
were any heavy components in the fuel samples. Because of the low 
existent gum content of HTL10 and HTL20, we did not measure 
further biodiesel specifications such as ash content and metals, 
which are typically contained in the gum fraction.

Sulfur content (S) was measured to understand if HTL10 meets 
the ASTM criteria for ultralow diesel fuel application (S content  
<  15 ppm). The sulfur content for HTL10 was 17 ppm (Table 2). 
This result indicates that the sulfur level of the SDP-derived distil-
lates was higher than the ASTM standard requirement for ultralow 
diesel application. Desulfurization processes such as adsorption and 
extraction are suggested to reduce the sulfur level41. However, this 
is beyond the scope of this study. Alternative end products to con-
sider could be bunker fuels (S content <  500 ppm) and fuel oils in  
various burners (S content <  5,000 ppm), which have less severe sul-
fur requirements35.

We have conducted diesel engine tests with HTL10, HTL20 
and diesel to demonstrate the feasibility of HTL distillates as diesel 
blendstocks (Fig. 3). We have selected three engine speeds (1,200, 
1,500 and 2,000 r.p.m.), three fuel injection loads (15, 20 and 25 mg 
fuel injected per cycle) and four injection timings (12, 8, 4 and 0 
crank angle degrees before top dead centre) to evaluate how they 
may affect the engine performance and emissions (Supplementary 
Table 9). The diesel engine tests presented in this study serve as 
evidence that wet biowaste can be converted to high-value energy. 
Optimizing engine efficiency and emissions are beyond the scope 
of this study.

In the engine tests, HTL10 and HTL20 achieved competitive 
power generation (96–100%) with regular diesel (Fig. 3a). This 
shows that upgraded HTL biocrude oil distil fractions can be a 
promising diesel blendstock compared to other diesel blendstocks 
such as butanol, which generally has misfire issues under the same 
diesel engine test conditions21. In diesel engines, fuel was injected 
into the engine cylinder near the end of the compression stroke. As 
the piston moved closer to the top dead centre, the temperature of 
the fuel mixture reached the fuel’s ignition point, causing the igni-
tion of some premixed quantity of fuel and air that was atomized 
and vaporized during the ignition delay42. The rest of the fuel not 
involved in the premixed-dominant combustion was consumed 
in the rate-controlled combustion phase. In this study, a higher 
amount of soot indicates that premixed combustion was a minor 
combustion mechanism. Instead, a rate-controlled combustion was 
the major mechanism (Fig. 3b).

Figure 3c–e shows that using HTL10 and HTL20 led to a similar 
level of pollutant emissions (101–102% NOx, 89–91% CO, 92–125% 
unburned hydrocarbon and 109–115% soot emissions) as regular 
diesel. Specifically, we found that the emission of CO from HTL dis-
tillates was much lower than that from regular diesel over the tested 
diesel injection timing when the engine speed was at 1,200 r.p.m. 
with the fuel injection loading of 25 mg fuel per stroke (conditions 
9–12, Fig. 3d). This is due to the higher oxygen contents (0.2 wt%) of 
HTL distillates that allow diesel to combust more completely.

energy and GHG emissions calculations
HTL processing of wet biowaste is an emerging technology that 
shows promising potential. However, the HTL biocrude must 
be upgraded for transportation fuels. Major bottlenecks exist, 
including energy efficiency and the GHG footprint of the upgrad-
ing process. The approach of HTL integrated with distillation  
plus esterification proved several advantages over the existing  

Table 2 | Fuel specification analysis of different drop-in diesel blendstocks and regular diesel 

Fuel specification property upgraded SDP Biodiesela Camelina oil methyl 
estersb

Butanolc Diesel

Percentage of diesel blendstocks 
(numbers shown after HTL or B)

HTL10 HTL20 B6-B20 B10 B100 N/A

Viscosity (at 20 °C, mm2 s−1)d 3.737 ±  0.01 3.050 ±  0.02 1.9–4.1 2.42 ±  0.01e 2.63 3.746 ±  0.02

Acidity (mg KOH per g)f 0.10 ±  0.004 0.29 ±  0.05 < 0.3 0.03 NAg NAg

Sulfur content (ppm) 17h NAg < 15 0.3 NAg < 15a

Existent gum (wt%)i 0.17 ±  0.01 0.21 ±  0.02 NAg NAg NAg 0.63±  0.06

Surface tension (at 24 °C, mN m−1) 27.2 ±  0.1 27.0 ±  0.0 NAg 27.6 ±  0.1 NAg 27.3 ±  0.1b

Cetane number 44.2 43.6 > 40 52.8 (B100)j 25 41.4b

Wear scar diameter for lubricity (μ m) 364 324 < 520 142 ±  7 NAg 571 ±  5b

Oxidation stability/oil stability index (h) > 48 > 48 ≥ 6 17 ±  0.1 NAg > 24b

HTL10 and HTL20, respectively, represent 10 vol% and 20 vol% upgraded distillates in petroleum diesel. aAccording to ASTM D7467 (B6-B20 S15). bModified from Moser and Vaughn38.cAdapted from  
Liu et al.54. dMeasured using a Cannon–Fenske Viscometer (ASTM D445). eMeasured at 40 °C. fAccording to ASTM D664. gNot applicable. hMeasured by ICP analysis. iModified from ASTM D381, heating 
the sample in the furnace from room temperature to 240 °C for 60 min. jMeasured as 100% biodiesel.
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waste-to-energy technologies. Our data (Table 3 and Supplementary 
Table 10) indicate that this approach has a 3–5 times lower process 
energy input than HTL with hydrotreating and conventional lipid 
extraction (from dry feedstock)3,24 and a higher energy recovery ratio 
(energy output divided by energy input, which includes the energy 
of biowaste feedstock and processing) than HTL plus hydrotreating, 
lipid extraction, incineration or landfilling3,24,43–45. This is primarily 
because the approach does not require dry feedstocks and an exter-
nal hydrogen source. As a result of a lower process energy input, the 
overall GHG emission is lower. Although HTL integrated with dis-
tillation plus esterification has a higher energy input than anaerobic 
digestion and producing diesel from petroleum, its energy recovery 
ratio is much higher and its GHG emission is similar20,24,45,46.

Conclusion
In summary, HTL integrated with the combined distillation and 
esterification allows for an efficient use of wet biowaste. Fuel speci-
fication analysis and engine tests with diesel blends (HTL10 and 

HTL20) indicate promising results in terms of energy efficiency 
and air emissions. With qualified cetane numbers (> 40), lubrici-
ties (< 520 µ m) and oxidation stabilities (≥ 6 h), HTL10 and HTL20 
result in competitive power generation (96–100%) and similar lev-
els of pollutant emissions (101–102% NOx, 89–91% CO, 92–125% 
unburned hydrocarbon and 109–115% soot emissions), compared 
to petroleum diesel. HTL integrated with distillation and esteri-
fication (0.8) has a higher energy recovery ratio than HTL plus 
hydrotreating (0.4), anaerobic digestion (0.1–0.6) and producing 
diesel from petroleum (0.3). Through a combined distillation and 
esterification approach, the energy consumption embedded within 
food waste can be utilized, allowing for the creation of a value-
added product from food waste and the elimination of a bottleneck 
in HTL biocrude commercialization.

Methods
Feedstock. Swine manure was sampled from the floor of a grower-finisher 
barn. Food processing waste was sampled from a full-scale SDP. Before HTL 

HTL 20%

a

b

c

d

e

HTL 10%

Diesel

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

5.810
Power generation (kWh)

Soot formation (FSN)

NOX emission (g per kWh)

CO emission (g per kWh)

UHC emission (g per kWh)

5.218

4.627

4.035

3.443

2.852

2.260

0.160

0.134

0.108

0.082

0.056

0.030

0.004

17.9

15.6

13.2

10.9

8.6

6.2

3.9

1015.0

850.0

685.0

520.0

355.0

190.0

25.0

1.6

1.3

1.0

0.8

0.6

0.5

0.3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 2 3 4 5 6 7 8 9 10

Groups

11 12 13 14 15 16 17 18 19 20

HTL 20%

HTL 10%

Diesel

HTL 20%

HTL 10%

Diesel

HTL 20%

HTL 10%

Diesel

HTL 20%

HTL 10%

Diesel

Fig. 3 | Power generations and pollutant emissions under all diesel engine test conditions.  a–e, The effects of engine speed, injection timing and injection 
loading on power generation (a), soot formation (b), NOx emission (c), CO emission (d) and unburned hydrocarbon (UHC) emission (e) from drop-in 
diesel blend prepared with HTL distillates. The diesel engine was operated at 1,200, 1,500 and 2,000 r.p.m. under different fuel injection timings with 15, 
20 and 25 mg of fuel per stroke. Fuel injection timing is governed by the crank angle (CA, in degrees) before top dead center (BTDC) in a diesel engine. 
Thus, CA BTDC of 0o, 4o, 8o and 12o have been explored in this study. In general, a diesel engine performs at 0o CA BTDC to reach the highest power 
output, but running at 0o CA BTDC would result in an incomplete pre-mixing as a trade-off21.
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experiments, the feedstocks were stored in a refrigerator at 4 °C and pulverized 
using a commercial blender (Waring Commercial). We measured the total solid 
content as the dry residue at 105 °C after 24 h drying. We evaluated the contents 
of crude protein (AOAC 990.03), crude fat (AOAC 954.02) and lignin (AOAC 
973.18) using AOAC standard methods. We determined the acid and neutral 
detergent fibres by using Ankom Technology standard methods (MWL DF 
021)10,12,47. Elemental analysis of feedstock was operated by a CHN analyser (Exeter 
Analytical) and duplicate analysis was conducted for each sample and the average 
value was reported. ICP analysis was employed to measure the contents of total 
sulfur (S), phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), sodium 
(Na), iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn) in the feedstocks, 
according to the Association of Official Analytical Chemists (AOAC) standard 
methods (AOAC 985.01).

HTL experiments and product separation. The HTL experiments were conducted 
using a continuous reactor (Snapshot Energy)48. Briefly, we carried out the HTL 
reaction at the optimum conditions to convert the biowaste into biocrude oil (for 
swine manure, 280 °C and 2 h reaction time; for SDP, 260 °C and 0.5 h reaction 
time)11,20,48. The reactor was sealed and purged with nitrogen gas at least three 
times to remove the residual air in the reactor. Nitrogen gas was again added to 
the reactor to build a 0.69 MPa initial pressure inside the reactor to prevent water 
from boiling during the tests. After the HTL reaction at the designated temperature 
and reaction time, the reactor was cooled down to approximately 60 °C using the 
heat exchangers. The HTL products converted from biowaste, containing both 
solid and liquid phases, could be separated by decanting because the biocrude oil 
(solid phase) naturally self-separated from the aqueous products27,48. The moisture 
content of the biocrude oil was measured with a distillation apparatus based on 
ASTM Standard D95-9912,13,15.

Distillation of biocrude oil. The distillation was conducted according to the 
previously reported methods49,50 and the distillation curves were measured. For 
each distillation test, approximately 200 g biocrude oil was loaded into a 300 ml 
round-bottom flask, which was heated with a stirring heating mantle (Azzota 
SHM-250, LabShops). To avoid quick distillations that could cause ineffective 
separation and safety issues, the heating rate was set at about 1 °C min−1. The 
biocrude in the flask was homogenized with a stir bar to enhance the heat 
transfer. To reduce the heat loss, glass wool was wrapped around the distillation 
equipment. The distillation was conducted under an atmospheric pressure. The 
vapour distillate was refluxed into an inclined condenser and then condensed 
by circulating tap water. Distillate fractions at a weight of 10 g (~5 wt% of feed 
biocrude) each were collected at different distillation temperatures in sequence49,50. 
Distillation experiments were conducted for at least three independent tests with 
two types of biocrude and average values were reported.

Upgrading of distillates. The objective of this part of the study was to develop 
processes for upgrading distillates from wet biowastes into fuel-grade diesel. 
Esterification was conducted to reduce the high FFA feedstocks. Distillates 
with high FFA were converted to esters with methanol and acidic catalysts 
(Supplementary Fig. 1). A Brønsted acid such as H2SO4 was used for methyl 
esterification of FFA.

To investigate the effects of reaction temperature, reaction time, catalyst 
loadings and molar ratio of distillates to methanol on the acid-catalysed conversion 
of FFA to methyl esters, an OAD with three levels was performed (Supplementary 
Tables 11 and 12). Previous studies reported that reaction temperatures between 
50 and 80 °C, reaction times between 0.5 and 3 h, catalyst loadings of 0.5–5 wt% 
and molar ratio of feedstocks to methanol between 1/6 and 1/12 are suitable 

for converting FFA to methyl esters, depending on the feedstock types36,37. As a 
consequence, reaction temperatures of 50, 60 and 70 °C were used in the present 
work. Excessively high reaction temperatures were avoided so the methanol would 
not be boiled and the reaction vessel would not need to be pressurized. Reaction 
times of 0.5, 1 and 2 h, catalyst loadings of 0.5, 1 and 2 wt% and molar ratios 
of feedstocks to methanol of 1/5, 1/9 and 1/15 were selected to make the OAD 
optimization more efficient and economic. Longer reaction times, higher catalyst 
loading and more methanol were used when necessary. After the reaction, the 
esterified oil contained water, excess methanol and acid catalysts that needed to be 
removed. The oil layer was separated from the mixture with a funnel separator and 
passed over anhydrous Na2SO4. The yield of esterification was calculated based on 
the weight of treated oil (Wester) divided by the weight of distillates (Wdistillates) (that 
is, Wester/Wdistillates). The acidity of esterified oil was measured according to ASTM 
D7467 standard36,37,51. Elemental and GC–MS analyses were conducted on select 
esterified samples to ensure their fuel quality.

Analysis of products. Elemental compositions of biocrude oil and distillates were 
determined using a CE 440 elemental analyser (Exeter Analytical). The HHV of 
biocrude oil and distillates were calculated by using the Dulong formula based 
on the elemental composition: HHV =  0.3383 ×  C +  1.422 ×  (H −  O/8)12,13. The 
chemical compositions of distillates (extracted with hexane) were analysed using 
GC–MS (Agilent Technologies). The internal standard, pentadecanoic acid methyl 
ester (0.5 μ M), was used. The detailed analytical methods have also been described 
in previous literature15,25. Briefly, samples were analysed using a GC–MS system 
consisting of an Agilent 7890 gas chromatograph, an Agilent 5975 mass selective 
detector and a HP 7683B autosampler. Gas chromatography was performed on a 
ZB-5MS capillary column. The inlet and mass spectometry interface temperatures 
were 250 °C and the ion source temperature was adjusted to 230 °C. The helium 
carrier gas was kept at a constant flow rate of 2 ml min−1. The temperature 
programme was 5-min isothermal heating at 70 °C followed by an oven 
temperature increase of 5 °C per min to 310 °C and a final 10 min hold at 310 °C. 
The mass spectrometer was operated in positive electron impact mode at 69.9 eV 
ionization energy at an m/z 50–800 scan range. The spectra of all chromatogram 
peaks were compared with electron impact mass spectrum libraries (NIST08 and 
W8N08). Because the response factors for different chemicals can greatly differ, 
all data were normalized to the internal standard to allow comparison between 
samples. Regarding a large number of chemicals in each HTL distillate, we have 
identified chemicals with the signals higher than that of the added internal 
standard to ensure consistency and efficiency. The instrument variability was 
within the standard acceptance limit (5%).

Drop-in fuel preparation and fuel specification analysis. Distillates derived 
from SDP were added into diesel to obtain a 10–20 vol% drop-in biodiesel. The 
fuel specifications including viscosity, density, acidity, surface tension, existent 
gum content, cetane number, lubricity and oxidation stability of drop-in biodiesel 
were measured and compared to those of transportation fuel standards. The 
characterizations of fuel specification were conducted by ASTM D7467 standard 
and previously reported methods35,38.

Diesel engine tests. The diesel engine tests were conducted according to the 
previously reported methods21, using an AVL 5402 single-cylinder diesel engine. 
Key engine specifications are presented in Supplementary Table 13. The engine 
was coupled to a GE type TLC-15 class 4-35-1700 dynamometer capable of 
delivering up to 14.9 kW (20 HP) and absorbing up to 26.1 kW (35 HP) at a 
maximum rotational speed of 4,500 r.p.m. A Dyne Systems DYN-LOC IV 
controller controlled the dynamometer. A Kistler type 6125B pressure transducer 

Table 3 | estimated energy demand, energy recovery ratio (energy output/energy input) and GHG emissions of the production of 
diesel and different biowaste-to-energy methods

Process energy input 
(MJ kg−1 feedstock)

energy recovery 
ratioa

GHG (kg CO2 kg−1product) 
during the process

Product

Diesel 2.5 0.3 0.2 Fuel

Landfill 0.03–0.04 0 0.9–1.8 Methane

Incineration 0.02–0.03 2.3 ×  10−4 2.0 Electricity

Anaerobic digestion 0.7 0.1–0.6 0.1 Methane

Lipid extraction 3.7 (wet)–17 (dry) 0.4 (dry)–0.8 (wet) 1.1 (wet)–7.4 (dry) Biodiesel

HTL +  hydrotreating 8.9 0.4 0.4 Diesel blendstock

HTL +  distillation +  esterification (present study) 3.2 0.8 0.2 Diesel blendstock

Only the energy demand and GHG emissions during the production process were compared (those for implementing the entire scheme are excluded). aDefined as the energy output divided by the energy 
input. The energy output is defined as the (bio)fuel (or biogas) yield multiplied by the energy content of the (bio)fuels (or biogas). The energy input includes the energy of biowaste feedstocks and the 
energy input for processes. For example, the energy output of the present study is the upgraded biocrude oil yield multiplied by the energy content of the upgraded biocrude oil. The energy input includes 
the energy content of SDW biowaste and the energy needed for HTL, distillation and esterification.
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measured in-cylinder pressure with an AVL 3057-AO1 charge amplifier and was 
indexed against a crankshaft position signal from a BEI XH25D shaft encoder21. 
Supplementary Fig. 2 illustrates the engine setup schematic. The control and 
diagnostic parameters in the engine control module were developed and calibrated 
through a software package (INCA, published by ETAS). We also acquired the 
data and real-time recording of engine conditions using INCA. An ETAS ES580 
interface card was used as the connection between the electronic diesel control and 
the programme.

Diesel engine emission analysis. We measured the nitrogen oxides (NOx) by using 
a non-sampling type meter (Horiba MEXA-720, with the measurement range 
of 0–3,000 ppm). We sampled the emissions of carbon monoxide (measurement 
ranges of 0.00–10.00% by volume), carbon dioxide (measurement ranges of 
0.00–20.00% by volume) and unburned hydrocarbon (measurement ranges of 
0–10,000 ppm) by using a sampling type meter (Horiba MEXA-554JU). More 
details can be found in the literature21,52. Exhaust gas temperature located in the 
exhaust manifold was measured by a type-K thermocouple.

Soot content was determined by a standard filter paper method21. Raw exhaust 
gases were drawn through a 7/8” round filter paper using a vacuum pump. 
Rectangular strips of filter papers (Grainger Industrial Supply) were in a filter 
holder from a Bacharach True-Spot smoke meter. The sampling flow rate was 
constantly monitored by a flow meter. After the samples were collected, we used a 
digital scanner to estimate the filter paper blackening.

Paper blackening, PB, is defined as

=
− R

PB
100

10
(1)R

where











= ×R
R
R

100% (2)R
p

f

Rp is the reflectometer value of sample, Rf is the reflectometer value of unblackened 
paper and RR is the relative brightness of the sample (relative radiance factor)

We considered the paper blackening value as the filter smoke number at 1 bar 
and 298 K.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request.
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