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Preface to ”Hydrothermal Technology in Biomass

Utilization & Conversion”

In recent years hydrothermal processing (HTP), in particular, liquefaction (HTL) and

carbonization (HTC), came into the spotlight for scientists, process developers, institutions and

investors, even if HTP itself originated many years ago. The growing interest in biomass conversion

to energy and chemicals (linked to climate targets), combined with the abundance of wet streams

that could be efficiently converted into fuels or products and the diffusion of the circular economy

concept, which aims at valorizing all streams towards zero-waste configurations, ranked this process

in the priority list for research and industrial deployment. Some residual feedstocks or waste streams

are, in fact, perfect materials for HTP, such as urban wastewater sludges, among others, of which the

management today represents a major issue. However, much in this field remains to be explored

and understood, such as the optimal combination of feedstocks and process conditions, or how

to drive the process of specific types of products, or the scale-up of the technology to industrial

and commercial level, etc. This Special Issue collects some of the latest results from research in

a single book: it offers a sound contribution to the literature in the field and the advancement

of knowledge in hydrothermal processing. The original research works here included range from

the valorization of wet streams, such as from microalgae or lignin-rich streams from lignocellulosic

ethanol, to nutrient recovery, extractions, characterizations of carbonized products, technology

diffusion and LCA analysis, thus covering most of the areas relevant for HTP. Indications for further

research are given, supporting future investigations in the field.

David Chiaramonti, Andrea Kruse, Marco Klemm

Special Issue Editors
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Lignocellulosic Ethanol Biorefinery:
Valorization of Lignin-Rich Stream through
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Abstract: Hydrothermal liquefaction of lignin-rich stream from lignocellulosic ethanol production at
an industrial scale was carried out in a custom-made batch test bench. Light and heavy fractions of
the HTL biocrude were collected following an ad-hoc developed two-steps solvent extraction method.
A full factorial design of experiment was performed, investigating the influence of temperature, time
and biomass-to-water mass ratio (B/W) on product yields, biocrude elemental composition, molecular
weight and carbon balance. Total biocrude yields ranged from 39.8% to 65.7% w/w. The Temperature
was the main influencing parameter as regards the distribution between the light and heavy fractions
of the produced biocrude: the highest amount of heavy biocrude was recovered at 300 ◦C, while at 350
and 370 ◦C the yield of the light fraction increased, reaching 41.7% w/w at 370 ◦C. Instead, the B/W
ratio did not have a significant effect on light and heavy biocrude yields. Feedstock carbon content
was mainly recovered in the biocrude (up to 77.6% w/w). The distribution between the light and
heavy fractions followed the same trend as the yields. The typical aromatic structure of the lignin-rich
stream was also observed in the biocrudes, indicating that mainly hydrolysis depolymerization
occurred. The weight-average molecular weight of the total biocrude was strictly related to the
process temperature, decreasing from 1146 at 300 ◦C to 565 g mol−1 at 370 ◦C.

Keywords: lignin; biorefinery; hydrothermal liquefaction; biocrude; depolymerization

1. Introduction

The EU-Renewable Energy Directive (RED) defines Advanced Biofuel only on the base of the
feedstock (as reported in Annex IX Part A of RED [1]). The use of residual/dedicated lignocellulosic
biomass is currently promoted for sustainable biofuel production, a sector that is largely dominated by
lipids in Europe. Vegetable and used oils, representing by far the largest share of biofuels in EU [2],
even when converted into high-quality hydrocarbons through hydrotreatment and hydroisomerization
processes, are criticized for the potential food versus fuel conflicts and the use of high-ILUC (indirect
land use change) feedstock, such as imported palm oil. The major Research and Development
efforts in the EU focus on developing new industrial-scale technologies able to produce sustainable
biofuels/bioenergy from lignocellulosic material. The lignocellulosic ethanol route is among these
pathways. It has achieved full industrial scale worldwide as a consequence of the wide diffusion of this
process, an increasing amount of a very wet lignin-rich stream (LRS) is made available as co-product
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at the production site in considerable quantities, constant physical and chemical characteristics, and
affordable costs [3]. The current use of the LRS in industrial complexes is still limited to combustion for
heat and power generation. However, being lignin the most abundant renewable source of aromatics
in nature, its valorization is a very attractive opportunity for green chemistry in a circular economy
perspective. Therefore, several research works addressed the economic valorization of lignin-rich
streams from lignocellulosic ethanol production, either as chemical or as fuel, highlighting the
challenges and importance of co-product valorization to achieve commercial competitiveness of
these processes [4,5]. The economic relevance of lignin co-products valorization clearly emerged since
the initial modelling studies of the process [6] and it was later confirmed by experimental data from a
pilot, demo and first-of-a-kind plants.

Among the different processes and technologies that deal with lignin depolymerization [7],
hydrothermal liquefaction (HTL) is a noteworthy thermochemical process which can convert lignocellulosic
biomass mostly into a liquid fraction by using solely hot compressed water, or mixtures of water,
co-solvents and chemicals [8,9]. HTL is a wet process, which does not require feedstock drying, as it is
instead necessary for other thermochemical processes like gasification and pyrolysis. As such, HTL is
an attractive approach for the conversion of wet biomass into a liquid product. Therefore, the high
water-content, rather a constant composition, and the continuous availability at the industrial site of the
lignin-rich co-product makes it a promising candidate for processing under hydrothermal liquefaction
conditions into a biocrude. This would significantly improve the overall biorefinery carbon efficiency
and economic performances, opening new business opportunities.

Several authors carried out fundamental investigations on HTL of lignin using model compounds,
as Vanillin, Monobenzone and 2-2’-biphenol [10]. They showed that ether bonds are more reactive
under hydrothermal conditions than C-C bonds. Thus, the liquid yield reduces from monobenzone
(almost complete conversion) to vanillin to 2-2’biphenol (minimum conversion). Both fragmentation
and condensation reactions occur on phenolic compounds in a hydrothermal environment, probably in
competition, depending on the specific conditions. During hydrothermal liquefaction of lignin, α- and
β-aryl ether hydrolysis, C—C bonds cleavage, alkylation, deoxygenation and repolymerization reactions
take place simultaneously, whereas typically the aromatic structure is not affected by hydrothermal
reactions. High molecular weight compounds from lignin HTL come from the partial depolymerization
of the initial lignin from selective ether bonds splits but also from alkylation of the aromatic structures.

HTL conversion of lignin stream is often carried out at 350–400 ◦C, 22 MPa and 10 min residence
time [11]. The process generates an energy-dense biocrude as the main fraction, along with gaseous
products, solids, and an aqueous-phase byproduct. The biocrude yields can reach typically around
40%–50% w/w, with catechol, phenols, and methoxyphenols as main constituents. Similar results
are obtained in the hydrothermal treatment of Kraft pine and organosolv lignin [12]. Most of the
known HTL studies addressed lignin from pulp and paper or high-purity model compounds [10–15],
both of them structurally different from lignin-rich stream originated from lignocellulosic ethanol
biorefineries, which is still an unexploited material. To the best of authors’ knowledge, the study
publicly available, which shares the closest similarities with the feedstock reported in the present work
is due to Jensen et al. [16], who studied the influences of pre-treatment on the product composition for
the case of alkaline HTL of a lab-scale, lignin-rich enzymatic hydrolysis residue.

The present work investigates the conversion of a lignin-rich stream from industrial-scale
lignocellulosic ethanol into a biocrude suitable for further processing and upgrading into fuels and
chemicals. The feedstock considered here is thus the actual stream from the industrial process. A special
focus was given to the development and implementation of an extraction method in combination with
the batch HTL micro-reactors system used in this research.

2. Materials and Methods

2.1. Lignin-Rich Stream

The lignin-rich stream (LRS) was obtained after ethanol distillation and mechanical separation of
water from a demo lignocellulosic ethanol plant fed with poplar. The feedstock was dried in an oven
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for 48 h at 75 ◦C, knife-milled and then sieved to 0.25 mm; the LRS arrived as a moist agglomerated
powder. After drying these agglomerates were size-reduced by milling. The characterization of this
feedstock is given in the results and discussion section.

2.2. Experimental Equipment and Procedure

Batch hydrothermal liquefaction experiments were carried out in a custom-made micro-reactor
test bench (MRTB), described in a previous publication by the authors [17]. The reactor consists of
an AISI 316 3

4 (outer diameter) tube with a length of 300 mm (~43 mL of internal volume). In order
to prepare batch experiments, dried feedstock was dispersed in ultrapure water (0.055 μS cm−1)
to attain the desired biomass-to-water mass ratio. The mass of slurry loaded into the reactor was
33 g for each test. Prior to each experiment, a leakage test was performed with argon pressurized at
8 MPa. Then, three purging cycles with nitrogen (0.5 MPa) were carried out in order to remove air
and ensure an inert atmosphere in the reactor. An initial pressure of 3 MPa was set using argon, then
the reactor was immersed into a fluidized sand bath. Counting of residence time started when the
inner reactor temperature reached 2 ◦C below the set reaction temperature: as the design residence
time was completed, the reactor was rapidly cooled by immersion in a water bath. After nearly 20 min,
the pressure was gradually released, the reactor opened and disconnected from the test bench.

A full factorial experimental plan with three factors and two levels was adopted, and the influence
of temperature, time, the biomass-to-water mass ratio (B/W) and their interactions on the biocrude
yield was assessed by means of an analysis of variance (ANOVA) on the experimental results. Each
experiment was replicated between two to three times. In Table 1, the factors and the related low and
high levels are reported. Besides the experiments planned, higher temperature (370 ◦C) and longer
residence time (15–20 min) were also investigated in order to find the maximum yield of light biocrude.

Table 1. Operating parameters of the design of the experiments (DOE).

Factor Low Level High Level

Temperature (◦C) 300 350
Time (min) 5 10

B/W (-)% w/w d.b. 1 10 20
1 d.b.: dry basis.

In the present study, a light and a heavy fraction of the biocrude, named biocrude 1 (BC1)
and biocrude 2 (BC2), respectively, were recovered with a two-steps solvent extraction method.
The selection of the solvent for the recovery of the light fraction (diethyl ether, in short DEE) was based
on a comparison with dichloromethane (GC-MS analysis). The solvent for the extraction of the heavy
fraction (acetone, in short DMK) was based on the literature (see Appendix A for detailed results
and references). Two different collection procedures were first developed and then evaluated, named
Procedure 1 and Procedure 2, whose block diagrams are shown in Figure 1. In regards Procedure 1, once
the reactor is disconnected from the test bench, it is rinsed with DEE and its content is vacuum-filtered
over a Whatman glass microfiber filter (1 μm). Water and water-soluble organics (WSO) are then
recovered by gravity separation, while biocrude 1 is obtained after rotary evaporation of DEE at
reduced pressure. The reactor and the solids are then rinsed with DMK; then, the DMK and the
DMK-solubles are subjected to rotary evaporation at reduced pressure for the collection of biocrude 2,
while the solid residue (SR) is oven-dried at 105 ◦C overnight. Procedure 2 differs only in the first
step, where water and WSO are collected prior to solvent extraction. The products obtained from the
experiments defined in the DOE were collected according to Procedure 1.

3
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(a) 

(b) 

Figure 1. Scheme of Procedure 1 (a) and 2 (b) for products collection.

The mass yield and the carbon yield of the HTL products were evaluated according to Equations (1)
and (2) below

Mass yield =
mass of product
dry mass of LRS

× 100 (1)

Carbon yield =
carbon mass in the product

carbon mass in the LRS (d.b.)
× 100 (2)

The gas yield was estimated assuming the produced gas fraction as composed entirely by CO2,
and ideal gas behavior, while the unrecovered products and the WSO fraction, which were not
detected in HPLC, were determined by difference. The assumption of considering the gas phase made
up entirely of carbon dioxide is legitimated, under a reasonable degree of approximation, by the fact
that decarboxylation is one of the main reaction involved in hydrothermal liquefaction, leading to the
formation of a CO2-rich gas [18,19]. The products obtained from a typical experiment are shown in
Figure 2. BC1 is a viscous brown liquid, while BC2 was recovered as a powder or as a very viscous
black liquid, as similarly experienced by the research group of Xu (Ahmad et al. [20], Cheng et al. [21])
in their experiments on hydrothermal depolymerization of lignin.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Products collected from a typical hydrothermal liquefaction (HTL) experiment in the
micro-batch reactors: (a) light biocrude or BC1; (b) heavy biocrude or BC2; (c) aqueous phase with
water-soluble organics (WSO); (d) solid residue.

2.3. Analytical Methods and Chemicals

Prior to feedstock characterization, the LRS was dried at 75 ◦C for 48 h and milled in a knife
mill (RETSCH SM 300) equipped with a 0.25 mm sieve. The drying process was carried out at low
temperature in order to minimize the devolatilization of the organic matrix. Moisture, ash content
and volatile matter were determined in a Leco TGA 701 instrument according to UNI EN 13040, UNI
EN 14775 and UNI EN 15148, respectively. Fixed carbon was calculated by difference. The content
of carbon, hydrogen, nitrogen (CHN) was determined through a Leco TruSpec according to UNI EN
15104, while the sulphur content of the feedstock was analyzed by means of a TruSpec S Add-On
Module, according to ASTM D4239. The oxygen content was evaluated by difference, considering C,
H, N, S and ash content. For the biocrude samples, the sulphur content was neglected in the evaluation
of oxygen. Higher heating value (HHV) was measured according to UNI EN 14918 by means of a Leco
AC500 isoperibol calorimeter. The HHV of the biocrudes was also estimated with the Channiwala
and Parikh equation [22], due to the small available amount of samples. The validity of the latter
correlation was assessed by a comparison with the measurement of the HHV of two light and heavy
biocrude samples. Details are reported in Appendix D. The determination of the pH of the LRS was
performed according to DIN ISO 10390.

The lignin content of the LRS was evaluated by a combination of three NREL procedures:

• The LRS was subjected to Soxhlet extraction with water and then ethanol in order to obtain the
water-soluble and ethanol-soluble extractives (NREL procedure TP-510-42619 [23])

• The remaining solid residue was subjected to acidic hydrolysis for the evaluation of the acid
soluble, acid insoluble lignin and structural sugars (cellulose and hemicellulose) by UV-VIS
spectrophotometer and HPLC (NREL procedure TP-510-42618 [24])

• The ash content of the acid insoluble lignin was measured in order to determine the correct value
of the latter (NREL procedure TP-510-42622 [25])

Infrared analyses were carried out with a Fourier transform infrared spectrophotometer (FT-IR,
Affinity-1, Shimadzu), equipped with a Specac’s Golden Gate ATR.

The evaluation of the apparent molar mass (polystyrene equivalent) of the BC1 and BC2
was determined by gel permeation chromatography (GPC). The samples were firstly dissolved in
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tetrahydrofuran (THF), left overnight and then passed through a 0.45 μm syringe filter. Afterwards,
100 μL of sample was injected in an HPLC apparatus (Shimadzu LC 20 AT Prominence) connected to a
refractive index detector (RID) and equipped with two in-series columns (Agilent, PL gel 5 μm 100 Å
300 × 7.5 mm) and a guard column (Agilent, PL gel 5 μm 50 × 7.5 mm). The analyses were performed
at 40 ◦C with 1 mL min−1 of THF as eluent. Linear polystyrene standards (Agilent) with a molecular
weight ranging from 370 to 9960 g mol−1 were used for calibration.

Qualitative and quantitative analysis of the organic compounds in the light biocrude samples
were performed by GC-MS: 2 μL of BC1: isopropanol solution (0.1 g:10 mL) was injected in a GC 2010
with a GCMS-QP2010 mass spectrometer (Shimadzu) equipped with a ZB-5 MS Phenomenex column
(30 m length, internal diameter 0.25 mm, film diameter 0.25 μm). The temperature was held at 40 ◦C
for 10 min and then increased to 200 ◦C (heating rate 8 ◦C min−1, holding time 10 min) and 280 ◦C
(heating rate 10 ◦C min−1, holding time 30 min). The qualitative analysis was performed comparing
the mass spectra to the NIST 17 library after a previous 4-point calibration with the main compounds
observed in the prior qualitative screening, using o-terphenyl as an internal standard.

The concentration of the WSO in the aqueous phase was evaluated by HPLC (LC-20 AT
Prominence Shimadzu) equipped with a refractive index detector, a Hi-Plex H column 300 × 7.7 mm
(Agilent) and a guard column PL Hi-Plex H 50 × 7.7 mm (Agilent), operating at 40 ◦C with a flow
of 0.6 mL min−1 with 0.005 M sulfuric acid as mobile phase. Twenty five microliter of each aqueous
sample was injected after a 0.2 μm syringe filtration. The quantitative analysis was accomplished after
a 5-point calibration following the NREL 42623 guidelines [26]. In addition, a Karl Fischer titration
(848 Titrino Plus, Metrohm) was performed following ASTM E203-08 to determine the WSO yields.

The total organic carbon (TOC) of the aqueous phase was determined by a Merck TOC test
kit and a Shimadzu UV-1800 spectrophotometer (605 nm). Samples were heated in a Merck TR320
thermoreactor for 2 h at 120 ◦C and then allowed to cool for 1 h in a test tube rack at room temperature.
As DEE is slightly soluble in water, the TOC measurement of the aqueous samples collected with
Procedure 1 was corrected with the method reported in Appendix C.

All solvents and reagents required for this work were purchased from Carlo Erba and Sigma
Aldrich: they were used as received without any further purification. All chemicals were ACS reagent
grade. Water for HPLC and THF for GPC were HPLC grade. Ultrapure water (0.055 μS cm−1) for HTL
experiments was produced with a TKA Microlab ultrapure water system. Analytical standards for GC
and HPLC were ≥ 98% purity. Chemical standards for HHV and CHNS calibrations were purchased
from Leco. All gases were purchased from Rivoira. Argon, air, nitrogen and oxygen were supplied
with a 99.999% purity, whilst helium was at 99.9995%.

The statistical analysis for the determination of significant operating parameter was carried out
with the software Minitab (Minitab Inc.), by considering a significance level of 5%.

3. Results and Discussion

3.1. Feedstock Characterization

Table 2 reports the properties of the feedstock. As it was obtained after mechanical dewatering,
the LRS still has a high moisture content, nearly 70% w/w (w.b.), while its ash content is relatively low,
as the fermentation feedstock was a hardwood (poplar) and not a herbaceous biomass, for instance.
The lignin content is nearly 54% w/w (d.b.).

The detailed results from the analysis of the lignin content are reported in Table 3: 97.4% of the
lignin contained in the feedstock was acid insoluble. After the Soxhlet extraction of the extractives,
the residual lignin, cellulose and hemicellulose were approximately ash-free; the low amount of ashes
from the LRS were concentrated in the extractives due to leaching during the extraction process. A very
low amount of cellulose and hemicellulose (structural sugars) was detected, indicating that these
compounds were effectively converted into ethanol during poplar fermentation. The mass balance
was very well closed (94.62%).
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Table 2. Characterization of the lignin-rich stream (w.b.: wet basis; d.b.: dry basis).

Parameter Value

Moisture (% w/w) w.b 69.7
Ash (% w/w) d.b 2.6

Volatile matter (% w/w) d.b. 71.0
Fixed Carbon (% w/w) d.b 26.4

Higher Heating Value (MJ kg−1) 22.9
C (% w/w) d.b 54.2
H (% w/w) d.b 5.9
N (% w/w) d.b 1.0
S (% w/w) d.b 0.2
O (% w/w) d.b 36.1

Lignin content (% w/w) d.b 53.9
pH (-) 4.4

Table 3. Results from the lignin content evaluation.

Parameter Value (% w/w) (d.b.)

Water extractives 1 13.62
Ethanol extractives 1 24.95

Total extractives 38.57
Acid insoluble lignin 52.51
Acid soluble lignin 1.40

Lignin ashes b.q.l.
Total lignin 53.91

Structural sugars 2.14

Total 94.62
1 Ash contribution included; b.q.l.: below the quantification limit.

3.2. Comparison of Extraction Procedures

Given the lab-scale size of the experimental apparatus, the recovery of the HTL products is a
challenging task, as some can be retained in the reactor wall after the experiments. In order to collect the
largest amount of biocrude from these small reactors, a solvent extraction procedure was developed;
it is technically not possible to separate the biocrude and the aqueous phase gravimetrically. This
would instead be the preferred solution in case of large scale continuous processes and the same
approach should be considered also in lab-scale experiments, as reported also by Castello, Pedersen
and Rosendahl [9]

Figure 3 reports the effects of the collection procedure on the composition of the light biocrude
fraction (biocrude 1) and on the aqueous phase obtained from an experiment performed at 350 ◦C,
10 min, 10%. It is clearly visible that by using Procedure 1, the light biocrude has a higher amount of
organics and, in particular, catechol, creosol, acetic acid, benzoic acid and 4-ethylguaiacol are under the
detection limit in the case of Procedure 2. Accordingly, in the aqueous phase, the situation is reversed:
a greater concentration of organics is obtained in the sample collected through the Procedure 2; this
is true for all the calibrated compounds, except for lactic acid, glycerol and glycolic acid, whose
concentrations are comparable. In addition, Table 4 shows the difference in products yield between
the two collection procedures: a higher amount of BC1 and a lower amount of WSO are recovered by
means of Procedure 1. This behavior is explained by the fact that in Procedure 1 water is not removed
prior to DEE extraction of BC1 and therefore water-soluble organics are in part recovered in the light
biocrude. From now on, the results showed in this study were based on this latter collection procedure,
which was adopted because it allowed for a larger recovery of organics in the biocrude. However,
it should be kept in mind that Procedure 2 would be more suitable for a direct comparison with a
scaled-up/continuous process, where the biocrude would be gravimetrically separated from the water.
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(a) 

 

(b) 

Figure 3. Effect of the collection procedure on biocrude 1 composition by GC-MS analysis (a) and on
aqueous phase composition by HPLC analysis (b) The experiment was performed at 350 ◦C, 10 min, 10%.

Table 4. Effect of the collection procedure on measured yields of products—experiment performed at
350 ◦C, 10 min, 10%. Absolute standard deviation is given in brackets.

Product
Yield (% w/w) d.b.

Procedure 1 Procedure 2

Biocrude 1 29.31 (0.01) 23.1 (1.7)
Biocrude 2 22.5 (6.4) 17.1 (0.7)

Solid residue 11.8 (0.2) 12.7 (0.9)
WSO 12.2 (n.d.) 20.5 (n.d.)
Gas 5.5 (0.9) 5.5 (1.4)

n.d.: not determined.
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3.3. Yields and Influence of Operating Parameters

Figure 4 shows the yield of the HTL products, which were obtained at the operating conditions
selected according to the experimental plan. The unidentified WSO were evaluated by difference and
take into account also the losses due to the collection procedure.

 

Figure 4. Dry-basis mass yields under different reaction conditions.

A high yield of total biocrude was obtained, ranging from 44.1% to 65.7% w/w, with the amount
of light and heavy fraction changing with reaction conditions. In general, by increasing the reaction
temperature, an increase in the yield of BC1 and a decrease in that of BC2 are observed, while the
solid residue is approximately constant throughout all operating conditions, being char yields between
11.4% and 19.6% w/w. The maximum total biocrude yield was achieved at 300 ◦C, 10 min, 20% but
nearly 74% of it was composed by BC2. At 350 ◦C, 10 min, 10%, the total biocrude yield was 51.8%
w/w and the maximum BC1 yield was obtained (29.3% w/w). The yields of the detected WSO and of
the gas products were lower and the latter experienced an increase at 350 ◦C, as a higher temperature is
known to enhance gasification reactions [27]. It is known from the literature [18] that the hydrothermal
liquefaction of lignin is more likely to produce a rather high amount of solid product and therefore the
use of alkali catalysts, such as KOH, K2CO3 or NaOH [27,28], and capping agents as phenol or boric
acid [15,28–30] have been suggested to limit the char formation hampering polymerization, as well as
different reaction medium than just water, as ethanol, methanol or water-mixture thereof [21,31,32].
For instance, Arturi et al. [30] investigated the effect of phenol in the HTL of Kraft pine lignin with
K2CO3 and, in the temperature range of 280–350 ◦C, at a concentration of 3.2%–3.6% w/w of phenol
obtained comparable solid yields to the present study, where no additives were adopted and with the
use of a similar solvent extraction procedure.

A statistical analysis was also performed in order to assess the influence of process parameters
(temperature, time, B/W) and their interaction on BC1, BC2 and total biocrude yield. The significance
level for this model was chosen to be 0.05 (95% confidence level). A Pareto plot [33] is reported in
Figures 5–7 to visually highlight the absolute values of the main factors and the effect of interaction
between the three parameters. The reference line in the chart indicates the limit between significance.
The Pareto plot is useful to discriminate which process parameters can be neglected and which ones
have an importance in the hydrothermal conversion process. However, to have a deeper understating
of the positive and negative effects, the main effects plot and the interactions plot are reported in
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Appendix B (Figures A1–A3), showing how positively or negatively each parameter or combination
thereof affects the biocrude yield.

It can be noticed from Figure 5 that temperature (A) had the greatest effect on BC1 yield, but
also the residence time (B) is statistically significant at 95% confidence level, being both above the
mentioned reference line. On the contrary, the ratio B/W (C), as well as the combination of factors,
can be considered as not significant for the yield of BC1. This validates the fact that the temperature
and partially the residence time drive the reactions pathways that lead to the formation of lighter
intermediates that forms the BC1, as already shown in other works [30].

Figure 6 depicts the Pareto chart reporting the absolute standardized effect of the factors for the
BC2 yield. In this case, beyond temperature and time that remains important in the generation of
BC2 heavy branched molecules, the combined interaction between temperature and B/W becomes
significant. This means that a relative variation in the solid material introduced in the slurry, combined
with a variation of the reaction temperature, has more influence in the reaction mechanisms that
produce BC2 rather than varying the B/W alone.

Interestingly, concerning the total biocrude yield (Figure 7), the most significant factor is the
interaction between temperature and B/W, followed by temperature. In this case, time is not significant,
suggesting that, in order to detect a statistically significant effect, longer residence time should be
investigated. This effect demonstrates that increasing (or decreasing) the biomass content together
with a variation in the reaction temperature drive the degradation reactions that form the biocrude
(e.g., phenols, methoxyphenols and longer oxygenated aromatics chains). In general, this means that, if
the objective is to optimize the process in terms of total biocrude yield without considering its quality,
both of these factors have to be jointly taken into account.

In addition to the experiments of the DOE, four other reaction conditions were tested in duplicates,
by increasing temperature to 370 ◦C and time to 15 and 20 min, collecting the products with Procedure 1.
Figure 8 reports the solid residue and biocrudes yields from the experiments carried out at a B/W of
10% w/w. At 370 ◦C, 5 min, 10% an increase in the yield of the light biocrude and a decrease in that
of the heavy one is achieved; BC2 yield decreases with residence time, while BC1 yield reaches the
maximum value of 41.7% w/w at 15 min.

 
Figure 5. A normal plot of the standardized effects for BC1 yield.
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Figure 6. Normal plot of the standardized effects for BC2 yield.

 
Figure 7. Normal plot of the standardized effects for total biocrude yield.
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Figure 8. Effect of increased temperature and reaction time on products yield; error bars represent
absolute standard deviation.

Although Castello, Pedersen and Rosendahl [9] recently reported that favorable HTL conditions
can be obtained also at supercritical condition, it is known that the HTL temperature range where the
biocrude is maximized lies between 300 and 350 ◦C [8,34]. At lower temperatures, partial conversion
occurs, whereas at higher values the production shifts towards gases and char. In the present study, the
maximum total biocrude yield was obtained at 350 ◦C, but the peak of its light fraction was achieved
at 370 ◦C, indicating that higher temperatures are needed in order to optimize the conversion of this
particular lignin-rich material.

3.4. Elemental Analysis and Higher Heating Value

With respect to the elemental analysis of the LRS (Table 2), both light and heavy biocrude reported
an increase in the C and H content and a decrease in O and ash concentration, confirming the energy
densification effect of the process. The as-received elemental analysis of biocrude 1 and 2 is reported
in Appendix D (Tables A3 and A4). In general, a lower C content and a higher H and O content
characterize the light biocrude fraction. These values are in line with literature: Arturi et al. [30]
performed batch HTL of Kraft lignin at 300 ◦C, 15 min, 6% lignin concentration with the addition
of 1.6% of K2CO3 and obtained a biocrude with 69.9% and 23.6% w/w (d.b.) of carbon and oxygen
content, respectively. The feedstock, the two biocrudes and the solid residues CHO compositions are
given in the van Krevelen diagram of Figure 9. The light biocrudes have a wider range of H/C and
O/C molar ratios with changing reaction conditions, while the heavy biocrudes are less dispersed,
having an H/C comprised between 1.10 and 1.25 and an O/C between 0.25 and 0.30. The solid residues
are the products that mostly differ from the LRS, having O/C ratios similar to BC2 but lower H/C.
The H/C and O/C values of the BC2 obtained in this study are in line with those reported in the
review of Ramirez, Brown and Rainey [35], concerning HTL of lignocellulosic biomass. The decrease
in the O/C and the increase in the H/C ratio of BC1 with respect to the feedstock suggest that the
production of light biocrude was mainly due to decarboxylation rather than dehydration, which, on
the contrary, was more evident for the production of BC2 and the solid residues.
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Figure 9. Van Krevelen diagram of lignin-rich stream (feedstock), BC1, BC2 and solid residue (char).

A significant energy densification effect was achieved through the HTL treatment: the higher
heating values of the biocrudes ranged between 24.9 and 29.5 MJ kg−1 (see Table A6 in Appendix D).
Although rather similar values were observed, HHVs of heavy biocrudes were generally higher than
those of light ones. The HHV of the total biocrude was determined as a yield-based weight-average
from that of BC1 and BC2. The maximum increase with respect to the feedstock (27%) was achieved
at 350 ◦C, 5 min, 10%, the same operating condition, which produced the maximum amount of total
biocrude at a B/W of 10%. When BC1 and BC2 are considered separately, their yields and energy
densifications, in terms of calorific value, have contrasting trends. Indeed, the yield of BC1 increases
with severity, while that of BC2 decreases. The opposite is shown for the HHV: that of BC1 nearly
decreases, while that of BC2 increases with severity (Figure 10). However, considering the total
biocrude as the sum of BC1 and BC2, both yield and HHV reach a maximum at the same condition,
i.e., 350 ◦C, 5 min, 10%, as the HHV of total biocrude is evaluated as a yield-based weight-average
from that of BC1 and BC2.

 
Figure 10. Higher heating value of light, heavy and total biocrude from the experiments carried out at
10% biomass-to-water mass ratio.
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3.5. Carbon Balance

Figure 11 shows the carbon balance from the experiments set in the DOE and those carried out at
370 ◦C, 5 min, 10% and 20%. The balance was reasonably close, ranging from 83% to 108%, with an
average value of 92%. The reasons behind this slight underestimated, or in one case, overestimated
closure has to be addressed to the approximation of gas composition and to the propagation of errors
through products collection and analysis. The majority of the carbon from the lignin-rich stream is
retained in the biocrude (from 53.8% to 77.6%). At a low temperature, in general, it is mainly recovered
in the heavy biocrude (from 40.9% to 62.3%), while at higher values, especially at 370 ◦C, it is largely
retained in BC1. The carbon ending in the solid residue is not negligible, ranging from 13.0% to 23.6%,
indicating that this product can still represent a valuable resource. The percentage of the feedstock
carbon retained in the gas phase is the lowest among all products, which is estimated to lay between
1.0% and 3.1%, while a percentage range of 4.6%–11.3% is trapped in the aqueous phase in form
of WSO.

 
Figure 11. Carbon distribution among HTL products.

3.6. FTIR Analysis

FTIR spectra of the LRS, BC1 and BC2 were qualitatively analyzed in order to evaluate functional
moieties modifications after the HTL treatment (Figure 12). If compared with the feedstock, biocrudes
exhibit a decrease in intensity at 1000–1070 cm−1, along with the loss of a peak at 1056 cm−1. This is
probably due to breaking the β–O–4 or/and α–O–4 ether bonds of lignin, as also confirmed by other
studies [20,36,37], suggesting that the feedstock underwent to hydrolysis depolymerization [10,20].
The macromolecular lignin backbone is in fact preferentially fragmented by ether bonds, which can
be more easily broken than the C-C linkages through hydrolysis reactions [10]. The two biocrudes
show only slight differences. The presence of a relevant peak in the BC2 spectrum around 1700 cm−1,
typical of νC=O [20,36–39], is presumably related to the presence of acetone residues, confirmed by the
peaks around 1360 and 1419 cm−1. The peaks in the region of aromatics, typical of the lignin structure,
around 1600, 1515 and 1460 cm−1 [36,37], are always present in the three samples, suggesting that
the lignin aromatic rings were, in general, preserved during HTL. An enhancement of the intensity
around 1250–1200 cm−1 is probably related to guaiacols and mainly syringols [40], first products of
lignin depolymerization [10].
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(a) 

 
(b) 

Figure 12. Infrared spectra of the LRS and light and heavy fraction of biocrude from the experiment
carried out at 370 ◦C, 5 min, 20%: (a) entire spectra; (b) particular.

3.7. Molecular Weight Analysis

In order to gain further insight on differences between the light and the heavy biocrude,
their molecular weight (or molar mass) was evaluated by gel permeation chromatography (GPC).
The weight-average molecular weight (Mw), the number-average molecular weight (Mn) and the
polydispersity index (PDI = Mw/Mn) are reported in Appendix E (Table A7). In addition, it was
attempted to determine the average molecular weight of the lignin-rich stream, but only ~10% of this
was soluble in THF (ambient temperature) and therefore this value was not estimated. Differently, the
biocrude samples were completely THF-soluble and, as expected, the molar masses of the light
biocrudes were far lower than the ones of the BC2. The former is comprised between 390 and
490 g mol−1, while the latter range between 1030 and 1400 g mol−1. The values of Mw at 10% and
20% B/W for BC1, BC2 and total biocrude are shown in Figure 13. The Mw of the total biocrude was
determined as a yield-based weight-average from that of BC1 and BC2. Concerning BC1, a higher
B/W, in general, produces a higher molar mass. An increase with residence time is shown at 300 ◦C,
while an opposite behavior is reported at 350 ◦C. A maximum is reached at 350 ◦C, 5 min, both at 10%
and 20% w/w of B/W, though the latter is subjected to high standard deviation, and the minimum
values are reached at 370 ◦C (400 and 391 g mol−1, respectively). Despite the complex trend of the
molecular weight of BC2, the Mw of the total biocrude clearly decreases with temperature and time,
changing from 1146 to 565 g mol−1, indicating that a higher extent of depolymerization occurred at
harsher reaction conditions.
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(a) 

 
(b) 

 
(c) 

Figure 13. Weight-average molecular weight at different reaction conditions: (a) biocrude 1, (b) biocrude
2, (c) total biocrude. Error bars represent the absolute standard deviation.

Furthermore, it is interesting to look at the effect of reaction conditions on the molar mass
distributions (Figure 14). The shape of the distribution is only slightly altered by changing residence
time at fixed temperature and B/W but greatly changes with temperature, suggesting the latter to be
a more influencing parameter, at least at the investigated reaction conditions. Concerning the light
biocrude, at 300 ◦C and 10%, there is a contribution of low weight compounds (between 40 and
100 g mol−1), which disappears at 350 ◦C and reappears, even with a slightly different shape, at 370 ◦C,
confirming the presence of a maximum. On the contrary, the molar masses of the heavy biocrudes are
more homogeneous, as confirmed by the lower PDI. Considering the BC1 samples obtained at a B/W
of 20%, at 300 ◦C they still exhibit a low-molecular-weight peak, but, in this case, it is narrower and
shifted towards higher values, precisely between 100 and 200 g mol−1. The shapes of the distributions
of samples at 350 and 370 ◦C are more similar to the ones of the 10% case. The distributions of BC2
are comparable to those obtained at 10%, only a more marked hump between 500 and 600 g mol−1 is
present in the samples obtained at 300 ◦C.

These findings, along with the FTIR results, show that LRS was effectively depolymerized during
the HTL treatment, even if without any alkali catalyst or capping agent and with far lower residence
time than commonly reported in lignin depolymerization experiments, where the reaction time is
generally extended up to several tens of minutes or hours [20,21,29,41].
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 14. Stacked molecular weight distribution of BC1 (left) and BC2 (right) from experiments carried
out at 10% w/w (a,b) and 20% w/w (c,d).

4. Conclusions

In this work, hydrothermal liquefaction of lignin-rich stream (LRS) from a demo-scale lignocellulosic
ethanol plant was investigated without the use of any catalyst or capping agent, recovering two
biocrude fractions, a light (BC1) and a heavy one (BC2). Batch lab-scale experiments were carried out
and two different collection procedures were developed and compared in terms of yields, biocrude
and aqueous phase composition. When performing lab-scale experiments, the use of extraction
solvents is somehow mandatory, due to technical limitations related to the small size of reactors,
and it was demonstrated here that the collection procedure directly affects yields and products
composition. Thus, particular attention should be given when comparing the results from different
studies. Indeed, if the aqueous phase is not separated prior to biocrude extraction, a larger amount
of biocrude is recovered. On the other hand, removing the process water before biocrude recovery
allows for a more suitable comparison with an industrial/continuous process, where the biocrude
will be reasonably separated from the water by gravity. Moreover, it was statistically demonstrated
that, at the investigated reaction conditions, the most significant factor influencing light, heavy and
total biocrudes yield was the reaction temperature. Residence time was significant only as regards
the yield of BC1 and BC2, while the biomass-to-water mass ratio (B/W) significantly affected only
the BC2 and total biocrude yields by its interaction with temperature. The maximum total biocrude
yield (65.7% w/w) was achieved at 300 ◦C, 10 min, 20% while the maximum yield of the light fraction
(41.7% w/w) was achieved at 370 ◦C, 15 min, 10%. These results suggest that the conversion process
can be optimized in different ways, depending on the characteristics or on the amount of the biocrude
to be obtained. Another interesting result in biorefinery perspective is that the HTL process increased
the feedstock energy density up to 27%. The elemental analysis suggests that the light biocrude was
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mainly produced by decarboxylation reactions rather than dehydration, which was more evident for
BC2 and the solid residue. The carbon balance indicated that only a low amount of carbon from the
LRS ended up in the aqueous phase as water-soluble organics and its major part was retained in the
biocrude (up to 77.6%). At low temperatures, carbon is particularly concentrated in the heavy fraction,
while at higher temperatures it moved to the light one (up to 42.2%). The FTIR analysis showed
that the lignin aromatic structure was preserved in the two biocrudes, showing that the feedstock
was mainly subjected to hydrolysis depolymerization. Indeed, the analysis of the molecular weight
confirmed this statement, indicating that a consistent fractionation occurred, especially favored by
high temperatures.

The HTL experiments herein reported effectively depolymerized the lignin matrix, preserved the
aromatic structure of the feedstock and made available phenolic compounds that are valuable precursors
of fuel and chemicals, for further separation, purification and processing. It was therefore shown
that LRS has the potential of being a source for valuable chemical intermediates and hydrothermal
liquefaction can represent a promising technology for the conversion of this high-moist co-product.
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Appendix A

This appendix provides details on which basis the solvent for the extraction of the light biocrude
(BC1) was chosen.

The multi-step solvent extraction method was applied by many authors [14,21,30,42–47]. Usually,
the first solvent needs to be immiscible in water in order to be easily separated from the aqueous
phase. On the other hand, the secondary solvent must dissolve most of the higher molecular weight
organic compounds in order to maximize the collections of biocrude. The total yield of biocrude is an
over-estimation of the real biocrude obtainable in a scaled-up continuous plant. The maximization
of the biocrude yield is necessary on this batch lab-scale bench in order to collect a higher amount of
material and facilitate its characterization analysis.

The composition of biocrude obtained from HTL of lignin is known to be mainly composed
of aromatic oxygenated compounds (e.g., phenols, methoxyphenols) [30]. Since these classes of
compounds have the peculiarity to be polar, the choice of the solvent has fallen on those with similar
polarity. The three selected solvents were diethyl ether (DEE), dichloromethane (DCM) and dimethyl
ketone (DMK or acetone). The former two were chosen for dissolving the lighter organic compounds
since they are polar and slightly miscible in water; while acetone was selected for the heavier fraction
dissolution. DEE and DCM have been used for the biocrude extraction in many works, some examples
are reported in Reference [14,30,43] and References [44–47] respectively. As extraction solvent for the
heavy biocrude, DMK was chosen only on literature guidelines [21,42,46], as BC2 is composed of
complex high-molecular aromatic oxygenated polymers, which are not possible to be characterized
with the same analytical techniques applied on the light biocrude and due to its low toxicity. THF and
methanol are other suitable candidates for BC2 extraction [15,30,42,48,49].

The choice of the extraction solvent was assessed in Procedure 1. The comparison of the
GC-detectable compounds in the BC1 extracted with DCM and DEE is reported in Table A1, while the
quantitative comparison by GC-FID is shown in Table A2.
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The identification and quantification of the different compound classes were carried out in a
gas-chromatograph GC-2010 (Shimadzu) equipped with a mass spectrometer GCMS-QP2010 GC 2010
Plus (Shimadzu) and a GC-FID GC 2010 Plus (Shimadzu), both equipped with ZB 5HT Inferno (Zebron)
columns (30 m length, internal diameter 0.25 mm, film diameter 0.25 μm). In particular, the GC-MS
apparatus was used to investigate the qualitative composition of the sample, comparing the spectrum
with a NIST 17 library; GC-FID was used for the quantitative analysis of the selected compounds after
a 4-point calibration with pure molecular standards and using o-terphenyl as an internal standard.
The analysis was performed with a column flow of 2.02 mL min−1 for GC- MS and 3.17 mL min−1 in
GC- FID, with an initial temperature of 40 ◦C (holding time 10 min), increased to 200 ◦C (heating rate
8 ◦C min−1, holding time 10 min) and then to 280 ◦C (heating rate 10 ◦C min−1, holding time 30 min).

Table A1. Comparison of GC-MS identified compounds between DCM and DEE-solubles in BC1
(experiments carried out at 300 ◦C-10 min-10% with Procedure 1).

Compound Class DCM-Solubles DEE-Solubles

Acids
- Acetic acid
- Propionic acid
- Isovaleric acid

Ketones

Cyclopentanone 2-Cyclopenten-1-one
2-Cyclopenten-1-one 2,3-Dimethyl-2-cyclopenten-1-one

2-Methyl-2-cyclopenten-1-one 3-Ethyl-2-hydroxy-2-cyclopenten-1-one
3-Ethyl-2-hydroxy-2-cyclopenten-1-one Acetoin

Acetoin Acetovanillone
Acetosyringone Acetosyringone

Desaspidinol Desaspidinol

Aldehydes Vanillin Vanillin
Syringaldehyde Syringaldehyde

Phenols Phenol Phenol

Methoxyphenols

Syringol Syringol
Methoxyeugenol Methoxyeugenol

Guaiacol Guaiacol
Creosol Creosol

4-Propylguaiacol 4-Propylguaiacol
4-Ethylguaiacol 4-Ethylguaiacol

- Eugenol
- Isoeugenol

Table A2. Comparison of GC-FID quantification between DCM and DEE-soluble compounds in BC1
(experiment carried out at 300 ◦C, 10 min, 10% with Procedure 1).

Compound Class
Concentration (μg mL−1)

DCM-Solubles DEE-Solubles

Acids 0.28 3.09
Ketones 0.05 0.06

Aldehydes 0.17 0.29
Phenols 3.49 7.28

Methoxyphenols 4.04 7.19
Total 8.03 17.9

The GC-MS qualitative analysis shows that by using DEE as extraction solvent it is possible to
identify more compounds with respect to DCM. Moreover, the quantification by GC-FID in the DEE
sample gives a total value that is more than double than in the sample collected via DCM. However,
with the DCM extraction, the yield of BC1 and BC2 was, respectively 33.4% and 32.8% w/w (d.b.),
while in the case of DEE they are 12.3 and 36.3% w/w (d.b.). Dichloromethane is able to extract a higher
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amount of heavier compounds that are not detectable in GC, leading to a decrease in concentration of
the lighter quantifiable organics. After this consideration, DEE was chosen.

Appendix B

This appendix provides details on the effects of temperature, time, biomass-to-water mass ratio
and their interactions on BC1, BC2 and total biocrude yield.

Figure A1a shows that, as far as the light biocrude yield is concerned, the temperature is the
most influencing parameter, followed by time and B/W: an increase in the value of these parameters
leads to an increase in the BC1 yield. Figure A1b shows the influence of the interaction of the process
parameters: only at 350 ◦C and 5 min the effect of B/W was negligible.

(a) 

(b) 

Figure A1. Influence of operating parameters on the yield of biocrude 1: main effects plot (a) and
interaction effects plot (b).
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Similarly, Figure A2 reports the influence of the operating parameters and their interactions on
the yield of BC2. Again, temperature and time are the most influencing factors, but, in this case, along
with their interactions, they negatively affect the yield, except for B/W, when the temperature is 300 ◦C
or the time is 10 min.

(a) 

(b) 

Figure A2. Influence of operating parameters on the yield of biocrude 2: main effects plot (a) and
interaction effects plot (b).

Concerning total biocrude mass yield (Figure A3), an increase in temperature and time leads to
a decrease in yield, as for BC2, but B/W imparts an opposite effect, behaving like in the BC1 case.
Consequently, the interactions effects are more complex and the total biocrude yield increases with
B/W when the temperature is 300 ◦C or when the residence time is 10 min. It slightly increases with
temperature when B/W is 10% w/w and is nearly unaffected by time when B/W is 20% w/w.
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(a) 

(b) 

Figure A3. Influence of operating parameters on total biocrude yield: main effects plot (a) and
interaction effects plot (b).

Appendix C

This appendix provides details on the method adopted for the TOC correction, eliminating the
contribution of the DEE dissolved in the aqueous samples collected with Procedure 1.

• The TOC and the carbon content of the HPLC-detected compounds (CHPLC) was determined for
the aqueous phase of the experiment whose products were collected with Procedure 2 (350 ◦C,
10 min, 10%) and thus not contaminated with DEE

• The carbon content of the unknown water-soluble species (Cunknown) was evaluated by the difference
• By supposing the ratio between Cunknown and CHPLC to be constant at different HTL conditions

and collection procedures, the carbon content due to DEE in the aqueous phase from experiments
whose products were collected with Procedure 1 (CDEE) was evaluated according to Equation (A1)
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CDEE = TOC − CHPLC

[
1 +

(
Cunknown
CHPLC

)
Proc.2

]
(A1)

• The corrected TOC was determined by subtracting CDEE

Appendix D

This appendix provides details on the biocrudes’ elemental analysis and on the validation of the
Channiwala and Parikh equation for the evaluation of the HHV of the BC1 and BC2.

Table A3. Elemental composition of light biocrude fraction (% w/w, as received). Absolute standard
deviation, where available, is reported in brackets.

Reaction Condition
Biocrude 1

C H N O Ash

300 ◦C, 5 min, 10% 65.6 (0.3) 7.35 (0.03) 0.692 (0.028) 25.9 (n.d.) 0.501 (n.d.)
300 ◦C, 5 min, 20% 61.4 (n.d.) 7.07 (n.d.) 0.687 (n.d.) 30.6 (n.d.) 0.230 (n.d.)

300 ◦C, 10 min, 10% 60.6 (2.5) 7.20 (0.15) 1.11 (0.33) 30.6 (n.d.) 0.501 (n.d.)
300◦ C, 10 min, 20% 62.3 (n.d.) 7.49 (n.d.) 0.830 (n.d.) 29.1 (n.d.) 0.287 (n.d.)
350 ◦C, 5 min, 10% 67.2 (0.6) 7.15 (0.04) 0.683 (0.002) 25.0 (n.d.) (n.d.)
350 ◦C, 5 min, 20% 63.9 (0.2) 7.40 (0.04) 0.659 (0.015) 28.0 (n.d.) 0.0108 (n.d.)

350 ◦C, 10 min, 10% 64.2 (0.4) 7.51 (0.07) 0.930 (0.031) 27.3 (n.d.) 0.0433 (n.d.)
350 ◦C, 10 min, 20% 62.9 (0.1) 7.25 (0.02) 0.719 (0.008) 29.1 (n.d.) 0.00113 (n.d.)
370 ◦C, 5 min, 10% 57.1 (1.0) 7.29 (0.04) 0.868 (0.073) 34.7 (n.d.) 0.0160 (n.d.)
370 ◦C, 5 min, 20% 64.2 (1.2) 7.51 (0.03) 0.930 (0.018) 27.3 (n.d.) 0.0143 (n.d.)

Table A4. Elemental composition of heavy biocrude fraction (% w/w, as received). Absolute standard
deviation, where available, is reported in brackets.

Reaction Condition
Biocrude 2

C H N O Ash

300 ◦C, 5 min, 10% 65.9 (0.6) 6.77 (0.09) 0.847 (0.043) 26.4 (n.d.) 0.136 (n.d.)
300 ◦C, 5 min, 20% 66.7 (0.1) 6.42 (0.01) 0.948 (0.013) 25.6 (n.d.) 0.146 (n.d.)

300 ◦C, 10 min, 10% 67.1 (0.2) 6.91 (0.02) 1.13 (0.03) 24.9 (n.d.) 0.0760 (n.d.)
300◦ C, 10 min, 20% 67.0 (n.d.) 6.98 (n.d.) 0.860 (n.d.) 25.0 (n.d.) 0.138 (n.d.)
350 ◦C, 5 min, 10% 68.3 (0.4) 6.51 (0.01) 1.07 (0.03) 24.0 (n.d.) 0.124 (n.d.)
350 ◦C, 5 min, 20% 69.2 (0.7) 6.32 (0.10) 1.13 (0.03) 23.2 (n.d.) 0.122 (n.d.)

350 ◦C, 10 min, 10% 68.9 (0.4) 6.69 (0.06) 1.110 (0.001) 23.1 (n.d.) 0.232 (n.d.)
350 ◦C, 10 min, 20% 68.2 (0.3) 4.23 (0.04) 1.82 (0.03) 25.5 (n.d.) 0.240 (n.d.)
370 ◦C, 5 min, 10% 68.0 (0.5) 6.61 (0.018) 1.28 (0.02) 23.7 (n.d.) 0.457 (n.d.)
370 ◦C, 5 min, 20% 67.1 (0.2) 6.99 (0.15) 1.278 (0.001) 24.1 (n.d.) 0.470 (n.d.)

Because of the low amount of material produced in each experiment, the higher heating value of
the BC1 and BC2 was determined by the Channiwala and Parikh unified correlation [22]:

HHV = 0.3491C + 1.1783H + 0.1005S − 0.1034O − 0.0151N − 0.0211Ash, (A2)

where C, H, O, N, S and Ash respectively represents carbon, hydrogen, oxygen, nitrogen, sulphur
and ash content of the sample expressed in mass percentages on dry basis. In the present evaluation,
the sulphur content-term was neglected as the LRS has a very limited amount of S (0.2% w/w, d.b.).
In order to validate Equation (A2), the HHV of a sample of BC1 and BC2 was measured according to
UNI EN 14918 and this value was compared to the Dulong equation [50], which is a correlation widely
used in many studies for HHV calculation of HTL biocrude [31,47,51,52]. The results are reported in
Table A5: it can be depicted that Equation (A2) leads to a lower relative error (determined according to
Equation (A3)).
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Relative error = 100 × |(measured value − calculated value)|/measured value (A3)

Table A5. Measured and evaluated HHV of BC1 and BC2 samples produced at 350 ◦C-5 min-20%
(Procedure 1) in MJ kg−1.

Value Biocrude 1 Biocrude 2

Measure 28.47 29.43
Dulong 27.17 28.72

Dulong relative error 4.5% 2.4%
Channiwala and Parikh 28.13 29.53

Channiwala and Parikh relative error 1.2% 0.3%

The HHV values calculated with A2 correlation for BC1, BC2 as well as the yield-based
weight-average total biocrude are reported in Table A6 below:

Table A6. Higher heating value of the biocrude samples.

Reaction Condition
Higher Heating Value (MJ kg−1)

Biocrude 1 Biocrude 2 Total Biocrude

300 ◦C, 5 min, 10% 28.9 28.3 28.4
300 ◦C, 5 min, 20% 26.6 29.0 28.6
300 ◦C, 10 min, 10% 26.5 28.2 27.8
300◦ C, 10 min, 20% 27.5 29.0 28.6
350 ◦C, 5 min, 10% 29.3 29.0 29.1
350 ◦C, 5 min, 20% 28.1 29.5 28.9
350 ◦C, 10 min, 10% 28.4 29.2 28.7
350 ◦C, 10 min, 20% 27.5 26.1 27.0
370 ◦C, 5 min, 10% 24.9 29.1 26.2
370 ◦C, 5 min, 20% 28.4 29.2 28.6

Appendix E

In this appendix the GPC data are listed in terms of weight-average molecular weight (Mw),
number-average molecular weight (Mn) and the polydispersity index (PDI = Mw/Mn) for BC1 and
BC2 samples.

Table A7. Weight-average, number-average molar mass (in g mol−1) and a polydispersity index of
BC1 and BC2; the absolute standard deviation is reported in brackets.

Reaction condition
Biocrude 1 Biocrude 2

Mw Mn PDI Mw Mn PDI

300 ◦C, 5 min, 10% 412 (2) 128 (1) 3.2 1332 (30) 720 (8) 1.8
300 ◦C, 5 min, 20% 459 (13) 204 (2) 2.2 1243 (16) 668 (9) 1.9
300 ◦C, 10 min, 10% 427 (2) 101 (1) 4.3 1359 (14) 694 (6) 2.0
300 ◦C, 10 min, 20% 473 (13) 232 (2) 2.0 1217 (13) 623 (2) 2.0
350 ◦C, 5 min, 10% 467 (3) 223 (5) 2.1 1147 (9) 697 (10) 1.6
350 ◦C, 5 min, 20% 488 (41) 265 (76) 1.9 1397 (23) 714 (10) 2.0
350 ◦C, 10 min, 10% 457 (2) 213 (2) 2.1 1030 (15) 657 (20) 1.6
350 ◦C, 10 min, 20% 469 (3) 222 (4) 2.1 1142 (18) 701 (9) 1.6
370 ◦C, 5 min, 10% 400 (0) 105 (1) 3.8 1151 (30) 714 (8) 1.6
370 ◦C, 5 min, 20% 391 (2) 107 (4) 3.7 1029 (4) 670 (27) 1.5
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Abstract: To obtain drop-in fuel properties from 3rd generation biomass, we herein report the catalytic
hydrotreatment of microalgae biocrude, produced from hydrothermal liquefaction (HTL) of Spirulina.
Our contribution focuses on the effect of temperature, initial H2 pressure, and residence time on the
removal of heteroatoms (O and N) in a batch hydrotreating setup. In contrast to common experimental
protocols for hydrotreating at batch scale, we devised a set of two-level factorial experiments and
studied the most influential parameters affecting the removal of heteroatoms. It was found that up to
350 ◦C, the degree of deoxygenation (de-O) is mainly driven by temperature, whereas the degree
of denitrogenation (de-N) also relies on initial H2 pressure and temperature-pressure interaction.
Based on this, complete deoxygenation was obtained at mild operating conditions (350 ◦C), reaching
a concurrent 47% denitrogenation. Moreover, three optimized experiments are reported with 100%
removal of oxygen. In addition, the analysis by GC-MS and Sim-Dis gives insight to the fuel quality.
The distribution of heteroatom N in lower (<340 ◦C) and higher (>340 ◦C) fractional cuts is studied
by a fractional distillation unit following ASTM D-1160. Final results show that 63–68% of nitrogen is
concentrated in higher fractional cuts.

Keywords: hydrothermal liquefaction (HTL); Spirulina; hydroprocessing; hydrotreating; upgrading;
hydrodeoxygenation (HDO); hydrodenitrogenation (HDN); fractional distillation; drop-in biofuels;
nitrogen distribution

1. Introduction

Unprecedented climate shift and brisk depletion of conventional resources have raised
socioeconomic and environmental concerns; thus the pursuit of clean, independent and alternative
renewable and sustainable commercialized solutions for fuels has been expedited [1]. Fuels produced
from so-called 2nd and 3rd generation biomass feedstocks, such as sewage sludge and microalgae,
offer the advantage of a potentially favorable carbon footprint and a lower risk of negative indirect
land use change (ILUC) [2–4].

Microalgae have been identified as an attractive energy source for the production of biofuels
due to their ability to accumulate relatively large amount of lipids along with carbohydrates, and
proteins [5,6]. Microalgae show higher photosynthetic efficiencies compared to terrestrial plants which
could be beneficial in terms of environmental impact [7]. High growth rates and non-competition with
arable land and fresh water resources, triggered escalating interests to convert microalgae into liquid
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fuels, which engage researchers to develop environment-friendly methods with remarkable potential
roots for mass production [8,9].

Out of all available energy valorization techniques at our disposal, hydrothermal liquefaction
(HTL) is considered as one of the most promising technologies for the production of biocrude oil,
due to its advantages in rapid reaction, using all types of wet or dry feedstocks with no lipid-content
restriction [10–12]. Recent techno-economic analyses and life cycle assessments on the conversion
of microalgae into liquid fuels show that HTL has lower GHG emissions and higher economic
potential, with a better energy return on investment as compared to conventional lipid extraction and
transesterification technologies [13–16].

At temperatures around 300–420 ◦C and pressure above the saturation pressure of water the
HTL process produces a viscous and energetically dense black liquid usually referred as biocrude.
This biocrude contains ~10–15 wt. % of heteroatoms (primarily O and N) with a high heating value
(HHV) of ~30–38 MJ/kg [17,18]. Biocrude as such cannot be directly utilized in the transportation
sector. To produce fungible on-specification transportation fuel, further upgrading processes such as
deoxygenation, denitrogenation, etc. are required. Over the years, researchers have investigated both
heterogeneous and homogeneous in-situ catalysts to achieve improved bio-diesel [19,20]. Catalytic
upgrading of biocrude through hydroprocessing is the most promising pathway for the conversion
of polar compounds into hydrocarbon-rich mixtures [21]. During hydroprocessing, undesirable
components such as metals, oxygen, sulfur, nitrogen, olefins, and aromatics are removed from biocrude
by selectively reacting them in the presence of a heterogeneous catalyst, at relatively high pressure
(30–170 bar H2) and at high temperature 300–450 ◦C [22].

Several studies on the hydrotreating of algal biocrudes are documented in the open literature.
Biller et al. [21] investigated the hydroprocessing of biocrude obtained from Chlorella microalgae,
by using sulfided CoMo and NiMo catalysts at 350 ◦C and 405 ◦C, with an initial H2 pressure
between 60–66 bar and a residence time of 2 h. Relatively low yields (41–69%) were observed at
high temperature, and 86 and 91% reduction of O, along with 60 and 55% of reduction of N, were
obtained with NiMo and CoMo catalyst, respectively. Both catalysts showed no difference in their
catalytic activity at batch scale; furthermore, after pentane extraction the oil analysis indicated that
the majority of remaining O is contained in high molecular weight compounds, while no adequate
reduction of nitrogen was achieved. Bai et al. [23] carried out the catalytic hydrothermal processing
of biocrude in the presence of 15 different catalysts in a batch reactor. By using a combination of
Ru/C and Raney Ni catalyst they were able to obtain 2 wt. % O and 2 wt. % N with a yield of 77%.
Duan et al. [24] observed, 90% of O and 59% of N removal after the catalytic hydrothermal upgrading
of microalgae biocrude by using a mixture of Ru/C and Mo2/C as catalyst at 400 ◦C for 4 h. Li and
Savage [25] explored the degree of deoxygenation and denitrogenation by using an acidic cracking
catalyst (HZSM-5) in the presence of H2 at 400, 450 and 500 ◦C. They found that the upgraded oil yield
was reduced from 75 to 42% as the temperature increases. Elliott et al. [26] reported the continuous
hydrotreatment of biocrudes from four different microalgae in a bench-scale trickle bed reactor in
the presence of sulfided Co-Mo/γ-Al2O3 catalyst at 405 ◦C and operating pressure of 136 bar. They
obtained oil yields of 80–85% with final O and N levels of ~1 and ~0.1 wt. %, respectively. However,
the authors also highlighted the difficulty to compare results from continuous and batch system,
because the products from batch system are equilibrium limited.

Although these studies featured hydrotreating tests in different process conditions, the overall
effect of temperature, pressure and residence time on heteroatom removal has not been systematically
evaluated. A thorough investigation could be of great importance to understand which parameters,
or combinations thereof, influence the performance of the process. In the current work, a two-level
factorial experimental design was developed and the HTL hydrotreatment of microalgae biocrude,
obtained from Spirulina was evaluated. The effect of temperature, H2 pressure, and residence time
on the hydrodeoxygenation (HDO), hydrodenitrogenation (HDN), and hydrogen consumption was
discussed. In this evaluation, a maximum temperature of initially 350 ◦C, then 400 ◦C was considered,
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which differs from the previous literature (e.g., [21,23,26]). Following this analysis, three confirmatory
experiments were performed at high temperatures to understand the significance of heteroatom
removal. Moreover, a small distillation unit (following ASTM D-1160) was used to fractionate the
hydrotreated oils showing complete deoxygenation, in order to investigate the concentration of
nitrogen and its distribution in lower (<340 ◦C) and higher (>340 ◦C) fractional cuts. Comprehensive
analysis on the upgraded fuel and distilled fractional cuts was carried out.

2. Materials and Methods

2.1. Materials

The biocrude used in this research was obtained from Aarhus University (Denmark), after the
processing of Spirulina under sub-critical conditions at 220 bar and 350 ◦C. In the framework of
the HyFlexFuel project a pilot-scale continuous HTL facility was used to produce biocrude with a
throughput of up to 100 L/h [17]. Properties of the feedstock and HTL biocrude are listed in Table 1.

Table 1. Spirulina feedstock and HTL biocrude analysis. Elemental composition is expressed on dry
basis and oxygen by difference.

Materials
Elemental Composition (wt. %) HHV

(MJ/kg)
Ash Content

(wt. %)

Water Content
(wt. %)C H N S O

Spirulina 53.5 7.2 12.6 - 26.6 24.0 5.8 6.4
Biocrude 78.1 10.4 8.0 - 3.5 38.0 0.2 3.8

A pre-activated commercial Ni-Mo/γ-Al2O3 hydrotreating catalyst in the form of extrudates was
provided by Shell Denmark A/S. This pre-sulfided catalyst was activated at 340 ◦C and 60 bar in the
Shell refinery in Fredericia, Denmark.

2.2. Experimental Methods

2.2.1. Design of Experiments

In order to understand the most influential process parameters during hydrotreating, a factorial
two-level experimental design with three factors on two levels (23), as stated in Table 2, was used to
investigate further [27].

Table 2. Test factors for hydrotreating experiments.

Factor Name Unit Low Level (−) High Level (+)

A Temperature ◦C 250 350
B H2 pressure bar 40 80
C Residence time h 2 4

The complete experimental matrix with obtained responses is given in Table 3.
Even though hydrotreating is affected by a large number of factors, during this study only reaction

temperature, initial H2 pressure, and residence time were considered and thus, the oxygen and nitrogen
contents were measured as response variables.
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Table 3. Two-level factorial experimental matrix (1–8) along with three confirmatory experiments (9–11)
at high temperatures.

Exp.
Factor A

Temperature
Factor B

Initial H2 Pressure
Factor C

Reaction Time

1 250 (−) 40 (−) 2 (−)
2 350 (+) 40 (−) 2 (−)
3 250 (−) 40 (−) 4 (+)
4 350 (+) 40 (−) 4 (+)
5 250 (−) 80 (+) 2 (−)
6 350 (+) 80 (+) 2 (−)
7 250 (−) 80 (+) 4 (+)
8 350 (+) 80 (+) 4 (+)
9 375 (+) 70 (+) 3 (+)

10 400 (+) 65 (+) 2.5 (+)
11 400 (+) 70 (+) 2 (−)

2.2.2. Experimental Set-Up

Hydrotreatment was carried out in a pair of 25 mL Swagelok micro-batch stainless steel reactors.
To confirm reproducibility and comparability of results, experiments were carried out in duplicates.
Each measured quantity was represented as the mean of the two independent experiments, with an
error corresponding to their standard deviation. For each experiment, 4 g of biocrude were loaded
inside the reactor, along with 2 g of pre-sulfided catalyst and three stainless steel spheres (4 mm
dia.) to enhance mixing. Both reactors were purged with N2 and H2 twice at 80 bar, leak tested and
filled with a certain H2 pressure. In order to obtain high temperatures and efficient mixing a SBL-2D
fluidized sand-bath (Techne, Stone, UK) and an agitation device with a frequency of 450 min−1 was
used. Pressure was continuously measured with an A-10 pressure transducer (Wika, Klingenberg,
Germany) and recorded in a data logger connected to a LabVIEWTM programme. After the desired
reaction time, both reactors were quenched in a water bath prior to gas venting and product separation.
The gas was released in the fume-hood and the hydrotreated liquid products were separated into oil
phase and water phase, by centrifugation (6-16HS centrifuge, Sigma, Wem, UK) at 4000 rpm for 5 min.

2.2.3. Fractional Distillation

Selected samples of the produced oil underwent fractional distillation in a small unit, complying
with ASTM D-1160 [28]. The set-up was bought from Ace Glass Inc. (Vineland, NJ, USA), and involves
a 10 mL pot flask at the bottom of the distillation column along with three graduated distillation
receiver tubes having a volume of 3 mL each. This unit is able to reach an operating pressure of 10 mbar
after connecting the vacuum pump to the top of the condenser. Water circulation in the distillation
column was done at 5 ◦C by using a 200 F thermal circulation bath (Julabo, Seelbach, Germany)
in order to achieve better condensation and to reduce losses in the cold trap. To provide adiabatic
conditions and avoid heat losses the column was surrounded by a HS-450 ◦C NiCr heating cable from
Horst GmbH (Lorsch, Germany) with a 4 mm winding radius. Furthermore, the heating tape was
insulated from outside and K-type thermocouples were used to measure the vapor temperature and
the column head skin temperature. To ensure the adiabatic conditions, the temperature of the heating
cable has been kept 5–10 ◦C below vapor temperature. Pressure, vapor temperature, and pot flask
skin temperature were continuously monitored, in order to obtain the desired fractional cuts (lower
(<340 ◦C) and higher (>340 ◦C)).

ASTM D-1160 was used as a guideline to produce fractions with a final cut temperature of 340 ◦C,
which lies up to diesel range [28]. To avoid cracking and thermal degradation of hydrotreated biocrude,
due to the presence of possible heteroatoms, the pot flask temperature and skin temperature should not
exceed 310 ◦C [29]. Gasoline cut was attained and collected at <190 ◦C under atmospheric conditions.
Subsequently, the vacuum was lowered to 20 mbar and the fractional cuts at 168 ◦C and 203 ◦C vapour
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temperature, corresponding to atmospheric equivalent temperature (AET) of jet fuel (190–290 ◦C) and
diesel (290–340 ◦C) were obtained. The observed column head temperature was converted into AET
by using a relation described by Maxwell and Bonnel [30].

2.3. Characterization and Analytical Techniques

A 2400 Series II system CHN-O analyzer (ASTM D-5291) from Perkin Elmer (Waltham, MA,
USA) with a detection limit of 100 ppm was used to determine the elemental composition of the
hydrotreated oil in terms of C, H, and N. Oxygen was calculated by difference. Furthermore, the degree
of deoxygenation (de-O) and denitrogenation (de-N) was measured according to Equations (1) and (2):

de-O =

(
1 − Oupgr.oil

Obiocrude

)
·100 (1)

de-N =

(
1 − Nupgr.oil

Nbiocrude

)
·100 (2)

The higher heating value (HHV) of the biocrudes and the upgraded samples was estimated
through the correlation proposed by Channiwala and Parikh [31]:

HHV (MJ/kg) = 0.3491C + 1.1783H + 0.1005S − 0.1034O − 0.0151N − 0.0211A (3)

The ideal gas law was used to estimate the H2 consumption based on initial and final H2 pressure
in the reactor, under the hypothesis of negligible production of other gases:

nH2 consumed =
Pinitial V

RT
− Pfinal V

RT
(4)

The boiling range distribution of biocrudes and upgraded oil was determined by means of
simulated distillation (Sim-Dis) following ASTM D-7169 [32]. Sim-Dis was equipped with a Zebron
ZB-1XT column by Phenomenex (Torrance, CA, USA), and a gas chromatography–flame ionization
detector (GC-FID) from Shimadzu Corporation (Kyoto, Japan). To determine the chemical composition,
the biocrude and the upgraded samples were analyzed by gas chromatography – mass spectrometry
(GC-MS), utilizing a Trace 1300 ISQ QD-Single Quadrupole instrument (Thermo Scientific, Waltham,
MA, USA) with a 40 to 300 ◦C temperature range as described previously [33].

3. Results and Discussion

Hereby, the hydrotreating of Spirulina biocrude is conducted as described in Section 2. The results
of the single experiment are presented in terms of degree of deoxygenation (de-O), degree of
denitrogenation (de-N), and hydrogen consumption as response variables. After the identification
of influencing factors, the characterization of upgraded biocrude is discussed in terms of elemental
composition, chemical structure and boiling point distribution.

3.1. The Effect of the Process Parameters on Heteroatoms Removal

In order to identify the most influencing parameters during hydrotreating, a two-level factorial
design of experiments with varying reaction temperature, initial H2 pressure, and residence time
was performed until experiment 8 as described in Table 3. To check the influence of these varying
parameters on bio-oil properties, the effect and the interaction between each parameter have been
calculated based on the elemental composition of the upgraded oil as shown in Table 4. Furthermore,
the half-normal probability plot is used to assess which factors are important and which are of
no significance.
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Potential coke and product gases during hydrotreatment were considered negligible as compared
to the losses during liquid (oil plus water) recovery in a micro-batch reactor. Thus, the overall yield
(wt. %) of upgraded oil is not reported in the present study in order not to present an inaccurate
picture. Though, the liquid recovered was around ~90 wt. % ± 5 during all experiments which
is similar to other works in the literature, for example [21]. Current study focuses on the removal
of heteroatoms (O and N) by varying the initial H2 pressure and reaction time at considerably low
operating temperatures (250 ◦C and 350 ◦C).

Table 4 shows intriguing results in case of heteroatom removal. Within the detection limit of
CHN/O, 100% O content is removed from algal biocrude at 350 ◦C, 80 bar and 4 h of reaction time.
At these severe conditions of present experimental matrix N content is reduced up to 47 %. Till now, the
most prominent studies on heteroatom removal by Elliott et al. [26], Biller et al. [21] and Bai et al. [23]
showed the removal of O and N up to ~90% and ~99% respectively at ~400 ◦C.

Biller et al. [21] and Duan et al. [24] reported 91 and 90% reduction of O along with 60 and
59% reduction of N at 405 ◦C and 400 ◦C. Furthermore, Elliott et al. [26] was able to reduce final O
and N levels down to ~1 and ~0.05 wt. % (99 %) at 405 ◦C in a continuous flow catalytic fixed bed
reactor. Lower denitrogenation rates until experiment 8 from the above study are evidence that high
temperatures are vital for the removal of nitrogen. It also seems obvious, that mild conditions relating
with each variable factor just slightly affect the O content, whereas the N content almost remain intact.

Based on this knowledge, a set of three confirmatory experiments (Exp. 9, 10 and 11) were
performed as shown in Table 4. They are based on the anticipation that N content will be further
reduced with the 100 % removal of O at high temperatures. Subsequently, the results presented in
Table 4 show complete deoxygenation for experiments 9, 10 and 11, while at best the denitrogenation
was only achieved up to 60% at 375 ◦C and 70 bar initial H2 for three hours. However, 50% and 58% of
denitrogenation is achieved at 400 ◦C by changing H2 pressure and reaction time.

The absolute values from Table 5 indicate the most relevant factors affecting the responses (R1 and
R2). Moreover, half-normal probability graph as shown in Figure 1 is used to assess the significant and
insignificant factors for de-O (R1) and de-N (R2).

Table 5. Selected process parameters (factors) and their measured effects on de-O (R1) and de-N (R2)
from experiments 1–8.

Effect Factor A Factor B Factor C Factor AB Factor AC Factor BC Factor ABC

Effect R1 [%] 64.24 3.51 6.50 14.63 10.06 0.88 6.03
Effect R2 [%] 24.07 10.80 4.53 6.29 −1.75 −0.51 1.85

 

Figure 1. Half normal plot of effects [%], de-O (a) and de-N (b).
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Assuming that the estimated effects of each factor and each interaction term on the de-O follow
a normal distribution, the absolute estimated effects will then follow a half-normal distribution.
By plotting the ranked estimated effects against the cumulative percent contribution (the contribution
to the total sum of squares) of each factor, significant (and insignificant) factors can be identified.
Insignificant factors are those having small estimated effects and tend to fall on a straight line starting
at the origin (0:0).

From Figure 1a, it is clear that the only significant factor influencing the de-O is the temperature.
Obviously, the half-normal plot show only positive effects (absolute estimated effects). By examining
Table 4 it is evident that temperature indeed has a positive effect on the de-O. At the lower level
temperature, the higher degree of deoxygenation obtained was 28% (Exp. 3), whereas the de-O range
from 72–100% at the higher level. Likewise, a similar identification of the significant factors influencing
the de-N can be observed in in Figure 1b. It is apparent that temperature is also significantly influencing
the de-N along with the hydrogen pressure. Thus, the highest de-N was obtained in Exp. 8 (all factors
set at high level) yielding a de-N of 47%, which is only marginally higher than Exp. 6 (de-N = 43%) for
which the reaction time was only 2 h. As for the de-O, any interaction effects seem insignificant.

The hydrotreated oil after all 11 experiments has a higher C and a lower O and N content.
However, H/C molar ratio remains more or less stable with the algal biocrude at lower temperatures
and lower pressures. While, at higher temperatures (350–400 ◦C) and higher pressures (80 bar) overall
H/C molar ratio increases and thus the aromatics in the oil decreases. In addition, a negligible effect
of reaction time is observed on the molar H/C ratio. However, at 400 ◦C lower H/C is observed
as compared to 375 ◦C, which is anticipated as a result of cracking reaction. Subsequently, after the
complete deoxygenation and 60% of N reduction the HHV increases from 37.6 MJ/kg of the algal
biocrude to 44.4 MJ/kg. Higher temperatures are needed for complete denitrogenation, but both
H/C and HHV decrease at higher temperature of 400 ◦C in relation with 375 ◦C, which means that
we are getting higher degree of denitrogenation with a loss of fuel quality. This may be caused by
the formation of coke, as HTL biocrude due to high polarity are unstable and prone toward the
polymerization and deactivation of NiMo catalyst. This complete deoxygenated oil with reduced
N content is considered more stable and thus reduces the possibility of catalyst deactivation during
further upgrading for on-specification fuel.

3.2. Analysis of the Up-Graded Oil

Simulated distillation (Sim-Dis) was used to evaluate the boiling point distribution of the
catalytically upgraded oil samples and then compared with the untreated biocrude. Five different
boiling point ranges are defined and described as gasoline (>190 ◦C), jet fuel (190–290 ◦C), diesel
(290–340 ◦C), vacuum gas oil (340–538 ◦C) and vacuum residue (>538 ◦C). Table 6 along with Figure 2
shows yield of different fractions and boiling point distribution of all the experiments with complete
degree of deoxygenation along with the biocrude and experiment 1 with the lowest possible operating
range (250 ◦C, 40 bar H2 for 2 h). The biocrude shows large fractions in high molecular weight
compounds and therefore, it associates with the higher residual cuts (72.7% above 340 ◦C). In addition,
the overall recovery at 720 ◦C increases from 72% to 92%, thus the amount of potential distillable
products also increases. Furthermore, after 100% HDO more than 32% and 14% oil is in jet fuel and
diesel range and around 15% is confined in residue. High temperatures and high initial H2 pressures
are vital for the cracking of biocrude into lower fractional cuts. Present study shows that at 350 ◦C and
80 bar initial H2 pressure highest boiling point distribution above diesel is obtained with minimum
residual fraction cut of 12.5%. This looks very promising as by just tuning operating conditions at mild
temperature (350 ◦C) high production of diesel drop-in fuel could be achieved (Table 6 and Figure 2).
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Table 6. Sim-Dis analysis of biocrude and selected hydrotreated samples.

Fractional Cuts Boiling Point Range
Composition [wt. %]

Biocrude Exp. 1 Exp. 8 Exp. 9 Exp. 10 Exp. 11

Gasoline <190 ◦C 3.9 3 13.1 4.8 5.6 7.9
Jet fuel 190–290 ◦C 14.5 15.5 32.2 33.4 34 34.5
Diesel 290–340 ◦C 8.9 8.5 18.4 15.3 13.6 14.5

Vacuum gas oil 340–538 ◦C 38.9 34.7 23.8 29 26.3 27.5
Vacuum residue >538 ◦C 33.8 38.3 12.5 17.5 20.5 15.6

Figure 2. Boiling point distribution of biocrude and upgraded oil samples, obtained by simulated
distillation.

Figure 3a,b show the GC-MS chromatograms of the HTL biocrude and the complete deoxygenated
oils at 350 ◦C (47% HDN).

The untreated biocrude (Figure 3a) shows a complex mixture of numerous different hydrocarbons
and heteroatoms (mainly O and N), as expected from the elemental analysis. The oxygen containing
compounds are mainly saturated fatty acids (hexadecanoic acid) and phenol derivatives such as
p- and m-cresol. Moreover, fatty alcohols such as dodecanol are also observed in small amounts.
Whereas, nitrogen-containing compounds are mostly found in the form of non-heterocyclic high
molecular weight compounds such as various amides. However, N compounds are also present in the
form of ring type structures with either one N atom, such as indoles and pyrroles, or two N atoms,
such as pyrazines. The sole purpose of hydrotreating is to convert heteroatoms into their respective
hydrocarbons along with the saturation of double bonds and cracking of high molecular weight
compounds. Figure 3b shows a chromatogram of upgraded oil (Exp. 8) after the complete removal of
O atoms at 350 ◦C and reveals the presence of dominating aliphatic hydrocarbons ranging from C14 to
C21. Aromatic hydrocarbons such as ethylbenzene and toluene are also present in the upgraded oil.
At the same time, N is observed in the GC-MS spectrum, such as the presence of amides in Figure 3b
at the retention time of 25.51 min and 27.09 min. However, the GC-MS spectrum also indicates minor
presence of amine, indole, nitrile, pyrrole, pyrazine, pyridine and quinoline in the hydrotreated oil.
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Figure 3. GC-MS chromatographs of (a) bio crude and (b) Experiment 8 at 350 ◦C.

3.3. Distribution of Nitrogen-Containing Compounds

GC-MS analysis is only able to investigate the volatile fraction of the sample, hence it does not
account for all molecules in the oil. Therefore, in order to assess the distribution of N content in the
light and heavy fractional cuts of the upgraded oil, a more relevant industrial approach following
ASTM D-1160 is carried out. Biller et al. [21] reported inappreciable amounts of nitrogen-containing
compounds through GC-MS; while, through elemental analysis they observed 1–1.5% of O and 2.4–2.7%
of N. They performed C5 (pentane) extraction of hydrotreated oil to investigate the distribution of
O and N between C5 soluble (flowable) and C5 insoluble (asphaltene) fractions. They were able to
completely remove O content in C5 soluble fraction, but the removal of N content was not satisfactory
and it seems that it was almost homogenously distributed in C5 soluble and insoluble fractions.

In order to determine the distribution of N content in lower and higher molecular weight
compounds, the hydrotreated oil from experiments 8 (47% HDN) and 9 (60% HDN) were subjected
to further investigation. Consequently, we performed true boiling point distillation following ASTM
D-1160 to assess the concentration and the distribution of heteroatom content in low and high molecular
weight fuel fractional cuts which correspond up to diesel (<340 ◦C) and vacuum residue (>340 ◦C).
Results are shown in Table 7.
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Table 7. Yields (%) and elemental analysis (N and O content in wt. %), H/C and N/C molar ratios of
below and above diesel range fraction cuts.

Exp.

Light Fraction (<340 ◦C) Heavy Fraction (>340 ◦C)

Yield
[wt. %]

N
[wt. %]

O
[wt. %]

H/C
[-]

N/C
[-]

Yield
[wt. %]

N
[wt. %]

O
[wt. %]

H/C
[-]

N/C
[-]

8 52 1.30 0 1.86 0.02 35 2.73 0.08 1.48 0.03
9 29 1.15 0 1.82 1.32 47 1.95 0.24 1.32 0.02

Table 7 shows, that 32% and 37% of N content is concentrated in the light fraction while vacuum
residue contains 68% and 63% of N content for experiments 8 and 9, respectively. These results
reveal that most of the nitrogen-containing compounds are distributed in the higher fractional cuts.
Additionally, no O content is associated with the light fraction for both experiments while, 0.24 wt. %
of O and 0.08 wt. % of O is incorporated in the vacuum residue obtained after the fractional distillation
of experiments 8 and 9 respectively. The results indicate that oxygen is in fact concentrated in the heavy
fraction, although in small amount. This means that when analyzing the total sample it is diluted to
below the error associated with the CHN analyzer and therefore reported as zero. The presence of
0.08 wt. % of O in vacuum residue of hydrotreated oil (375 ◦C) as compared to the 0.24 wt. % of O
(350 ◦C) also validate the statistical analysis, which showed that temperature is a main driver for O
removal. Moreover, overall higher H/C molar ratio is observed for diesel range (>1.82) and very low
H/C molar ratio (<1.48) was observed for vacuum residue in case of both experiment.

Figure 4 illustrates a modified Van Krevelen plot as a function of H/C and N/C molar ratio for
biocrude, hydrotreating experiments and distillation cut of upgraded oil from experiments 8 and 9.
Starting from the same biomass composition, it is clear that both temperature and pressure have a
significant effect on the removal of N heteroatoms. Thus, the N/C molar ratio decreases along with
the increase of hydrocarbon content. This plot also elucidates the distribution of nitrogen-containing
compounds in lower and higher fractional cuts for experiments 8 and 9; and shows that the N/C molar
ratio decreases in the hydrocarbon range (higher H/C molar ratio) but on the other hand N/C molar
ratio increases as the aromatic content of the fractional cut increases.

Furthermore, the yields of the small fractional distillation unit are also stated in Table 7. 2.76 g
and 1.09 g of sample is used for the fractional distillation of experiments 8 and 9, respectively. Higher
recovery of 87 wt. % is obtained after the fractional distillation of experiment 8 as compared to 76 wt. %
for experiment 9. Vacuum residue cut for both experiments is in line with the Sim-Dis results. However,
some losses in the light fractional cut (<340 ◦C) were observed after comparing it with Sim-Dis results,
which may be due to the loss of lighter fraction in the distillation column and column head. From
experiment 8 it is clear that the losses are less as compared to experiment 9 due to the use of higher
amount of sample. Losses for lighter fractional cuts could be minimized by subjecting higher amount
of sample to the fractional distillation unit.

Even though nitrogen-containing compounds are mostly found in the higher fractional cuts
(>340 ◦C), still some nitrogen is found in the light fraction. Therefore, this could not be used
directly as a fuel, because of the indirect regulations applied on the fuel specification due to the
presence of N compounds. The reason for the presence of remaining N compounds could be found in
thermodynamics and the reduction of partial H2 pressure during hydrotreating. Thus, we suggest
that hydrotreating of algal biocrude for the removal of heteroatom N either possibly requires higher
temperatures (which will result in reduced yields due to the formation of volatiles) or multi-stage
catalytic treatment, to partially stabilize the oil before further upgrading at higher temperatures in
order to completely remove nitrogen-containing compounds.
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Figure 4. Modified Van Krevelen diagram showing molar ratio of H/C as a function of N/C for
Spirulina feedstock, HTL biocrude, 11 hydrotreating experiments and fractional distillation cuts of
experiment 8 and 9.

4. Conclusions

The most influential parameters affecting the hydrotreating of Spirulina (microalgae) biocrude
were successfully identified. In addition, the distribution of heteroatoms in lower and higher fractional
cuts was explored by using a small fractional distillation unit following the ASTM D-1160. For this
purpose, a parametric study following a factorial two-level experimental design with three subsequent
confirmatory experiments was carried out in a micro-batch reactor using conventional NiMo/Al2O3

catalyst. Operating temperature has a key influence on the degree of deoxygenation (de-O), whereas
the operating pressure along with temperature-pressure interaction mainly affects the degree of
denitrogenation (de-N). Complete deoxygenation of upgraded free flowing oil was observed at 350 ◦C.
An optimized experiment at 375 ◦C, 70 bar initial H2 and 3 h residence time leads toward 100% de-O,
60% de-N, 1.80 H/C ratio and a maximum HHV of 44.38 MJ/kg. In addition, fractional distillation up
to diesel (<340 ◦C) and vacuum residue (>340 ◦C) cut shows a significant concentration of 63–68% of
N content in the higher fractional cut. Emanating from these encouraging results, shows that oxygen
could be completely removed from given biocrude with a high liquid recovery.
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Abstract: Hydrothermal liquefaction (HTL) is of interest in producing liquid fuels from organic
waste, but the process also creates appreciable quantities of aqueous co-product (ACP) containing
high concentrations of regulated wastewater pollutants (e.g., organic carbon, nitrogen (N), and
phosphorus (P)). Previous literature has not emphasized characterization, management, or possible
valorization of ACP wastewaters. This study aims to evaluate one possible approach to ACP
management via recovery of valuable scarce materials. Equilibrium modeling was performed to
estimate theoretical yields of struvite (MgNH4PO4·6H2O) from ACP samples arising from HTL
processing of selected waste feedstocks. Experimental analyses were conducted to evaluate the
accuracy of theoretical yield estimates. Adjusted yields were then incorporated into a life-cycle energy
modeling framework to compute energy return on investment (EROI) for the struvite precipitation
process as part of the overall HTL life-cycle. Observed struvite yields and residual P concentrations
were consistent with theoretical modeling results; however, residual N concentrations were lower than
model estimates because of the volatilization of ammonia gas. EROI calculations reveal that struvite
recovery is a net-energy producing process, but that this benefit offers little to no improvement
in EROI performance for the overall HTL life-cycle. In contrast, corresponding economic analysis
suggests that struvite precipitation may be economically appealing.

Keywords: hydrothermal liquefaction; aqueous co-product; nutrient recovery; struvite; EROI

1. Introduction

Hydrothermal liquefaction (HTL) is an appealing platform for the production of drop-in fuels
from abundant wet, organic “waste” feedstocks [1–3]. However, HTL-derived biofuels are known
to have a significantly high water footprint, arising from the large volumes of aqueous co-product
(ACP) that are produced as secondary waste during the conversion process [4–6]. Until recent years,
existing studies have placed relatively little emphasis on ACP quality and management. HTL studies
that do address ACP quality primarily pertain to the liquefaction of various microalgae [7–11]. These
studies have evaluated the feasibility of reusing ACP as a nutrient-rich growth medium for algae
cultivation [7,8]. Few studies have characterized ACP quality arising from non-algae feedstocks [4].
All such studies, however, reveal that ACP contains very high concentrations of regulated constituents,
including dissolved organic carbon (DOC), total nitrogen (TN), and total phosphorus (TP) [2,4,5,12].
Accordingly, widespread commercialization of HTL could create very large quantities of ACP requiring
significant treatment and/or dilution prior to discharge into a receiving water body. The need for
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ACP treatment could undermine the energetic favorability of the HTL platform, because wastewater
treatment plant (WWTP) processes, most notably nutrient removal, are highly energy consuming [13].
Previous life-cycle modeling has demonstrated that energy consumption for ACP management could
be on the same order of magnitude as energy consumption for liquefaction itself [4]. Thus, there is
a need to harmonize water and energy sustainability objectives during HTL processing.

Separately, there is a strong need to increase agricultural production of food and fuel crops over
the next few decades, which will likely exacerbate existing nutrient scarcity [14]. Thus, there is an
increasing interest in recovering nitrogen (N) and phosphorus (P) from various wastewaters to offset
dwindling availability of nutrients from virgin sources [15–17]. Many studies have demonstrated the
feasibility of chemical precipitation as a means to recover nutrients from high-strength agricultural
or industrial wastewaters. Several of these studies have focused on the recovery of struvite
(MgNH4PO4·6H2O), a slow-release fertilizer, from concentrated wastewaters, including: landfill
leachate, slaughterhouse wastewater, anaerobic digester effluent, swine and dairy manure wastewater,
source-separated urine, and others [14,16,18–21]. These studies have illustrated the feasibility of
struvite recovery from potent wastewaters and have laid the groundwork for understanding how
reaction conditions (e.g., molar ratios, pH, competing reactions, etc.) impact process yield of struvite.

It was hypothesized that ACP arising from the HTL processing of various organic waste feedstocks
may be suitable for nutrient recovery via struvite precipitation. This approach would be desirable for
reducing the energy intensiveness of ACP management, while simultaneously producing valuable
scarce materials in the form of slow-release fertilizer. Creation of a useful fertilizer by-product could
also improve the economic favorability of the HTL platform. Accordingly, this study had three aims:
(1) evaluate the technical feasibility of struvite precipitation from ACP samples arising from the HTL
processing of select organic waste feedstocks, (2) evaluate whether struvite recovery compensates
for the energy penalty of ACP management as part of the overall HTL life-cycle, and (3) assess the
economic feasibility of struvite recovery from post-HTL ACP samples.

2. Materials and Methods

2.1. HTL Conversion and Characterization of ACP

Seven non-food, organic waste feedstocks were evaluated in this study: (1) pre-digested WWTP
sludge; (2) digested WWTP sludge; (3) dairy manure; (4) brewery yeast and (5) spent grains from
craft beer production; and (6) red lees and (7) white lees (i.e., yeast particles) from wine production.
All samples were collected, thoroughly homogenized via blending, characterized, and stored at
4 ◦C prior to HTL processing. Raw waste feedstocks were characterized for total suspended solids
(TSS), volatile solids (VS), and water and ash contents according to APHA Standard Methods (see
Supplementary Materials, Table S10) [22]. Waste feedstocks were then hydrothermally liquefied in
a 300-mL Parr Instrument Company (Moline, IL, USA) stirred reactor with a quartz liner and external
heater, as previously described in Bauer et al. (2018) [4]. In short, 100 g of wet feedstock paste,
adjusted to an optimal water content of 90% (m/m) to be consistent with previous literature [5], was
pressurized to 100 psi with nitrogen (N2) gas, continuously stirred at 300 rpm, and heated to 300 ± 5 ◦C
at ~8–10 ◦C/min. Once heated, the reactor was maintained at 300 ± 5 ◦C for a residence time of
30 min [4,7,8]. All characterization analyses and HTL reactions were conducted in triplicate.

HTL product phases (i.e., biofuel, biochar, and ACP) were separated using techniques adapted
from Xu and Savage (2014) [23], as previously described in Bauer et al. (2018) [4]. In short, solid-phase
biochar was separated from the liquid phase via filtration. Biofuel and ACP were separated from
each other via extraction into dichloromethane (DCM) at a ratio of 1–2x vol HTL liquid/vol DCM.
Reactor contents were then decanted and centrifuged to facilitate phase separation, and the ACP
was manually drawn off. Liquid biocrude was operationally defined based on solubility in DCM.
The solvent was then evaporated using a gentle stream of N2 gas over a 24-h period. Resulting
ACP was filtered using a 0.22-μm pore-size filter. Post-HTL ACP was characterized using APHA
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Standard Methods or commercial HACH kits based on traditional wastewater parameters, including
pH, TN, TP, ammonium (NH4

+), and orthophosphate (PO4
3−) methods (see Supplementary Materials,

Section 5.0) [22]. ACP quality was further characterized using a Thermo Fisher Scientific Dionex ICS
5000 DP-5 Ion Chromatograph (IC) (Waltham, MA, USA), using U.S. EPA Method 300.1 [24], with
a detection limit of 0.5 mg/L for: Mg2+, Ca2+, K+, Na+, Cl−, NO3

−, NO2
−, and SO4

2−. Additionally,
titration experiments with 1 N sodium hydroxide (NaOH) solution were performed to measure the
quantity of NaOH required to increase the pH of each post-HTL ACP to a required value.

2.2. Theoretical Recovery of Nutrients from ACP

A chemical equilibrium modeling software package, U.S. EPA Visual MINTEQ Version 3.1
(Stockholm, Sweden) [25], was used to estimate the theoretical recoverability of N and P from the
various ACP samples arising from the HTL processing of selected organic waste feedstocks. Measured
pH and constituent concentrations (e.g., NH4

+, PO4
3−, and various anions and cations referenced in

Section 2.1) were entered into the software individually for each post-HTL ACP in order to assess
possible competing reactions to struvite precipitation. Equilibrium modeling was then applied in two
ways. First, pH was artificially increased from its initial measured value, in intervals of 0.5 pH units,
up to a maximum value of 14. Second, magnesium (Mg2+) concentration was artificially increased
from its initial measured value, in intervals of 5 mg/L, for 500 intervals. For each interval step of
both virtual titrations, the model computed what masses of struvite and other relevant solids would
precipitate and then estimated the residual dissolved-phase concentrations of the various constituents,
including relevant complexes. Optimal Mg2+ doses for each ACP sample were selected based on
consumption of Mg2+ to produce the desired product. That is, Mg2+ was added stepwise up to the
point where ≥50% of the last dose remained in solution or was diverted to a competing side reaction
that did not produce struvite. Corresponding pH values were selected as optimal for each ACP.

2.3. Experimental Recovery of Nutrients from ACP

Modeling estimates for struvite yield and residual TN and TP concentrations were evaluated
experimentally using protocols from Ishii and Boyer (2015), Yetilmezsoy and Sapci-Zengin (2009) [16,20].
Reactors comprised duplicate 50-mL beakers containing 20 mL of ACP. pH was adjusted via dropwise
addition of 1 N NaOH up to optimal pH values identified via modeling results. Magnesium chloride
(MgCl2·6H2O) was used as a Mg2+ source at a Mg2+:PO4

3− molar ratio of 1.5:1 to facilitate the
precipitation of struvite [26]. Reactors were stirred at 200 rpm for 30 minutes at 20 ◦C, settled quiescently
for 30 minutes, and then filtered using a 0.22-μm pore-size filter. Resulting solids were dried at 20 ◦C and
weighed daily until the mass of the solids remained unchanged (~3 days). Residual ACP concentrations
of NH4

+, PO4
3−, and Mg2+ were measured using commercial HACH kits. Solid precipitates were

analyzed by two methods. All precipitates were dissolved individually in concentrated hydrochloric
acid (HCl), and the concentrations of NH4

+, PO4
3−, and Mg2+ were analyzed using commercial HACH

Company (Loveland, CO, USA) water quality analysis kits. A portion of precipitates were further
analyzed by X-ray diffraction (XRD) using a Panalytical Empyrean Diffractometer equipped with
a Bragg-Bretano HD Prefix module and a GaliPix3D Area Detector operating in scanning line mode.
This analysis was used to confirm the presence of struvite in the solid precipitates from post-HTL ACPs.
Crystalline solid precipitates were scanned for 2-theta = 5 to 70◦ at a rate of 4 rps and repeated four
times in order to improve the signal to noise ratio.

2.4. Energy Analysis of ACP Management via Struvite Precipitation

Life-cycle analysis (LCA) was used to assess the energy return on investment (EROI), which
expresses the relationship between energy produced (EOUT) and energy consumed (EIN) (i.e., EROI
= EOUT/EIN) for ACP management via nutrient recovery in the form of struvite precipitation. These
calculations accounted for the inputs and outputs of the precipitation process, including: materials
consumption for chemical precipitation, production of the fertilizer product, and reduced need for
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energy-intensive WWTP removal to remediate ACP. Energy consumption for post-precipitation solids
handing (e.g., pumping, drying, and/or purification) was not evaluated. Embedded energy contents
for precipitation materials were collected from the ecoinvent database, as accessed using SimaPro
v.3 (Amersfoort, Netherlands), and/or adapted from Clarens et al. (2010) [13]. Energy input (i.e.,
EIN) estimates accounted for the energy costs of NaOH (46.6 kJ/g) and MgCl2 (4.7 kJ/g) based on
titration to achieve model-designed optimal pH and an assumed Mg2+:PO4

3− molar ratio of 1.5:1 (see
Supplementary Materials, Table S8).

Energy output (i.e., EOUT) estimates accounted for two kinds of benefits: (1) the energy value of
struvite precipitates, based on a presumption that it would displace some other commercial fertilizer
with known embedded energy footprint; and (2) the energy offset arising from reduced need to apply
energy-intensive WWTP treatments for the removal of TN and TP down to acceptable levels. Both
calculations make use of a systems-expansion approach, whereby the value of a product in one system
is computed by assuming that there is some offset burden in a separate, related system. The validity of
LCA estimates computed using this approach are necessarily dependent on the validity of the assumed
interactions between the systems. For this reason, a range of EOUT values were computed for three
different scenarios, as described below:

• Scenario 1: Energy output corresponds to only the amount of commercial fertilizer (i.e.,
monoammonium phosphate (MAP)) supplanted by struvite precipitation.

• Scenario 2: Energy output corresponds to MAP avoidance energy plus avoided energy costs for
WWTP removal of TN and TP in ACP, assuming ammonia (NH3) is not allowed to volatilize
during struvite recovery (i.e., “closed system”).

• Scenario 3: Energy output corresponds to MAP avoidance energy plus avoided energy costs for
WWTP removal of TN and TP, assuming NH3 is allowed to volatilize during struvite recovery
(i.e., “open system”).

For each scenario, it was assumed that recovered struvite could be used to replace the commercial
fertilizer MAP on a 1:1 molar basis for both N and P, because both fertilizers have the same 1:1 N:P
molar ratio. The values of 38 MJ/kg P2O5 and 58.7 MJ/kg N were used as the energy values of MAP,
based on the ecoinvent database. The overall value following adjustment of units was 13.5 kJ/g MAP.
The energy value of the struvite product was determined by multiplying the molar value of struvite
yield by the molar mass of MAP (115.03 g/mol) and the energy value of MAP.

It was assumed that residual TN and TP in the post-HTL ACP would be removed via conventional
WWTP methods. It was assumed that TN removal occurs via biological nitrification and separate-stage
denitrification using methanol as a co-substrate (3.4 g methanol/g N removed) [27]. The energy
intensity of methanol (38 kJ/g methanol) was obtained from Clarens et al. (2010) [13]. Using these
values, the energy offset for avoided TN removal was 129.2 kJ/g N. It was assumed that TP removal
occurs via chemical precipitation using ferrous sulfate (FeSO4) [27]. The energy demand and energy
consumption for FeSO4 were obtained from Clarens et al. (2010) [13]: 1.8 g FeSO4/g P removed and
1.95 kJ/g P removed, respectively. Using these values, the energy offset for avoided TP removal was
3.51 kJ/g.

Energy ratio metrics for the overall HTL life-cycle were collected from relevant literature [28–30].
None of the original studies accounted for ACP management and/or recovery of useful materials.
Accordingly, the model frameworks for each of the original studies were modified to include
experimental data from the present study, taking a similar approach as Bauer et al. (2018) [4]. The energy
ratio metrics were then recomputed, as a means to assess to what extent ACP management via struvite
recovery could affect the overall energy performance of the HTL platform.

2.5. Economic Analysis of ACP Management via Struvite Precipitation

A preliminary economic analysis was conducted in order to evaluate the economic favorability
of struvite precipitation from post-HTL ACP samples. Calculations were scaled to the treatment of
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1 million liters of post-HTL ACP. It had been previously demonstrated that chemical costs are the
major driver for overall cost of the struvite recovery process [31]. As such, only the costs of raw
chemical were considered in this study. Unit prices of MgCl2, NaOH, methanol, and FeSO4 were
assumed to be $240/ton, $425/ton, $500/ton, and $120/ton, respectively. Struvite yields and residual
TN and TP concentrations were based on experimental measurements from this study. Net income
from the struvite precipitation process was evaluated for the same three scenarios outlined previously:
(1) supplanted MAP only, (2) supplanted MAP + WWTP offsets (assuming a closed system), and (3)
supplanted MAP + WWTP (assuming an open system).

3. Results and Discussion

3.1. Characterization of Post-HTL ACP

The goal of this study was to evaluate the recoverability of valuable nutrients (i.e., N and P)
from ACP as a means of managing secondary waste created during HTL processing and potentially
increasing the overall EROI of the HTL platform. Table 1 presents post-HTL ACP characterization
data for the seven organic waste feedstocks included in this study. Several noteworthy observations
from this data pertain to the initial pH values and concentrations of relevant constituents. Regarding
pH, it is fortuitous that most feedstocks produce ACPs that are slightly basic: ≥8 for pre-digested
sludge, digested sludge, brewing yeast, and red lees ACPs. Dairy manure and spent grains ACPs are
moderately acidic. Relatively high starting pH values are favorable for the proposed nutrient recovery
application, because less base (e.g., NaOH) is required to adjust the pH to the high range required for
struvite precipitation. Regarding select constituents, all ACP samples contain appreciable to very high
concentrations of TN and TP.

Table 1 also reveals that there is significant variability in the fractions of the TN and TP pools
available for struvite precipitation. The fraction of TN present as NH4

+, which is the form required for
struvite precipitation, varies from 30–96%. Digested sludge and brewing yeast ACP samples exhibited
the highest fractions of recoverable TN. Correspondingly, the fraction of TP present as PO4

3−, which is
the form required for struvite precipitation, varies from 8–100%. White lees ACP exhibited the highest
measured fraction of TP as PO4

3− (100%), whereas brewing yeast and spent grains ACPs exhibited the
next highest fractions (33–34%). All other ACP samples exhibited very low fractions of TP as phosphate.
These results are somewhat consistent with previous research. For example, Valdez et al. (2012) [9]
investigated the hydrothermal processing of Nannochloropsis sp. under various reaction conditions.
The average observed NH4

+/TN ratio was 48%, which is the same as the average value from Table 1.
On the other hand, this study observed that P was mostly present as OP, which was not the case for this
study. An interesting conclusion of the Valdez et al. (2012) study was that biomass characteristics may
be more important than HTL reaction conditions for NH4

+/TN and OP/TP ratios [9]. This observation
is important for understanding the generalizability of the results from the current study.

Finally, it is of interest to examine the ratios of recoverable N and P, to assess which reactant
will limit struvite yield. All seven of the ACP samples evaluated are phosphate-limited. The white
lees ACP exhibited a ratio of 1.3:1 NH4-N:PO4-P, but all other ACPs contained dramatic quantities
of excess ammonium. This is not surprising considering the large ratio of N to P in most plant and
microbial biomasses.
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Struvite is produced when Mg2+, NH4
+, and PO4

3− combine together at a molar ratio of 1Mg:1N:1P
under high pH. However, these constituents can also interact with other ions (e.g., Ca2+, K+, Na+, Cl−,
SO4

2−, etc.) in competing side reactions. The relative favorability of struvite precipitation compared
to other possible reactions is a function of pH and various constituent concentrations [32]. Table 1
summarizes concentrations of relevant ions present in the post-HTL ACP samples. Among all of the
evaluated ACPs, nitrate (NO3

−) and nitrite (NO2
−) (not shown in Table 1) are present in negligible

amounts. In contrast, most ACP samples contain relatively high concentrations of K+, Na+, Cl−, and
SO4

2−. Only dairy manure and spent grains exhibit appreciable Mg2+ concentrations, which means that
most samples will require full dosing with Mg2+ to completely remove either NH4

+ or PO4
3− (whichever

is limiting). Finally, Ca2+ is known to form several precipitates with PO4
3− and/or other constituents

at high pH (e.g., Ca(H2PO4)2, CaHPO4, etc.). Formation of these solids reduces phosphate availability,
which decreases the theoretically achievable struvite yield given that phosphate is the limiting reactant
for most feedstock ACPs evaluated in this study. Although the various calcium phosphate salts are
useful as agricultural fertilizers, these are less desirable than struvite within the specific context of ACP
management, because it is of interest to remove as much TN as possible while also removing TP, especially
since TP is the limiting reactant. Removing TP without also removing TN leaves greater residual TN
concentrations, such that more additional post-treatment will be required for the ACP. Given all of the
various competing reactions that can occur, it is of interest to see if/how the various combinations of
constituents in ACP samples can affect precipitation and residual concentrations of TN and TP.

3.2. Theoretical Recovery of Nitrogen and Phosphorus from ACP

Equilibrium pH modeling was used to determine the theoretical recovery of dissolved nutrients
from the various post-HTL ACP samples, with a goal of maximizing struvite precipitation. The model
was parameterized separately for each ACP sample, based on data from Table 1. Modeling results are
summarized in Table 2.

Based on modeling results for each ACP sample, Table 2 presents the optimum pH values
for struvite recovery and the corresponding quantity of NaOH required to achieve that value; the
theoretical maximum amount of struvite precipitate that can be produced; and the theoretical estimates
of residual NH4

+/NH3 and orthophosphate (OP) concentrations after struvite has been recovered.
The data in Table 2 reveal several important findings. First, pertaining to nutrient recovery, the
model predicts that struvite recovery is theoretically possible for all but one feedstock ACP. The only
exception is the dairy manure ACP, for which the high concentration of Ca2+ in the ACP results
instead in considerable precipitation of HAP (i.e., hydroxyapatite (Ca5(PO4)3(OH))) at high pH. The
creation of HAP as a competing solid depletes the available phosphate and prevents the formation
of struvite. Accordingly, TN removal is 0% even though orthophosphate removal is approximately
100%. Second, phosphate is almost completely consumed for all ACP samples, leaving very low
residual concentrations. This outcome is consistent with previous efforts to recover struvite from
various potent wastewaters [14,21]. This result is also consistent with the observation that all ACP
samples are phosphate-limited, as evident in Table 1. The only ACP for which phosphate removal is
not essentially 100% is the white lees ACP. As shown in Table 2, the model predicts significant residual
concentrations for both NH4

+/NH3 and OP for the white lees ACP. This outcome is a pH effect related
to the speciation of NH4

+/NH3 versus PO4
3−/HPO4

2−/H2PO4
−/H3PO4 (i.e., the various forms of

orthophosphates). As noted above, struvite formation requires a combination of NH4
+ and PO4

3−, but
there is a very small pH window over which these two species exist together. The pKA for NH4

+/NH3

is 9.25, and the pKA for HPO4
2/PO4

3− is 12.35 [33]. Thus, increasing the pH above 9.25, which is
useful for increasing struvite yields in all other ACP samples because they are so strongly OP-limited,
reduces NH4

+ availability by converting it to NH3 (see Supplementary Materials, Figure S1; Tables
S1–S7). Therefore, the specific N:P ratio exhibited by the white lees ACP, which is much lower than
the ratios exhibited by all other ACP samples, make it such that neither NH4

+/NH3 nor OP can be
completely removed via struvite precipitation.
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3.3. Experimental Recovery of Nitrogen and Phosphorus from ACP

Precipitation experiments were performed to validate theoretical modeling results. Figure 1
summarizes a comparison between experimental results and theoretical predictions, including struvite
mass yields and removal efficiencies for OP and NH4

+. As expected, experimental analysis confirmed
that struvite is not produced from the dairy manure ACP; therefore, the dairy manure ACP is excluded
from Figure 1 and subsequent results. For all other feedstock ACPs, experimentally measured
struvite mass yields were highly consistent with theoretical predictions from the model, as seen
in Figure 1a. XRD analysis confirmed the chemical identity of crystalline struvite for the spent grains,
brewing yeast, and red lees ACPs. The crystalline form of struvite agrees with previously published
literature [21,34]. All precipitates were also dissolved in strong acid and analyzed for NH4

+, PO4
3−,

and Mg2+ using commercial HACH kits. The ratio of these measured constituents further confirmed
that these solids were predominantly struvite, with relatively low concentrations of impurities (see
Supplementary Materials, Figure S3; Table S9). Across all the ACP samples, the average molar ratio for
Mg2+:NH4

+:PO4
3− was 1.1:1:1.2. This ratio is consistent with previously published studies of nutrient

recovery via struvite precipitation with reasonably low impurity content [34]. Overall, the good
correspondence between modeling results and experimental struvite yields confirms the usefulness of
the modeling approach for estimating how much struvite can be produced from various ACP samples
with known constituent concentrations.

Experimental results also confirmed the accuracy of theoretical estimation of OP removal via
struvite precipitation. This is not surprising given the good accuracy of the predicted struvite mass
yields, since all of the ACP samples were phosphate-limited (Figure 1b). However, the theoretical
predictions of NH4

+ removal and residual concentration were much less accurate than for OP. As seen
in Figure 1c, the modeling predictions dramatically underestimated NH4

+ removal for all evaluated
ACP samples. This unexpected removal is attributed to NH3 volatilization during the period of time
when struvite particles were quiescently settling in an open reactor at room temperature. From
literature, it has been previously demonstrated that up to 40% of residual NH4

+/NH3 may be
volatilized following pH adjustment to promote struvite precipitation from various potent wastewaters.
For example, Çelen et al. (2007) reported average NH4

+ losses of 35–40% during experimental
precipitation of struvite at a pH of 8.5 [21]. Rahman et al. (2011) documented a range of NH4

+

losses of 26.5–29.4% via NH3 volatilization [19]. In this study, the magnitude of NH4
+ removal

occurring via volatilization was as large as or much larger than the magnitude of removal occurring
via struvite precipitation.

Table 3 summarizes pre- and post-precipitation of N and P concentrations in dissolved phase and
as struvite precipitates. These data are useful for assessing the mass balances for PO4

3−, NH4
+, and

Mg2+ during precipitation reactions. As seen in Table 3, the mass balances for PO4
3− close to within

5% on average across all ACP samples tested. The mass balances close similarly well for Mg2+, with
greater than 90% of the original dosing accounted for among the solid and dissolved phase products.
However, the NH4

+ mass balances for the ACP samples do not close well, with nearly 30% NH4
+ on

average unaccounted for in the solid and dissolved phase products. As mentioned above, the missing
NH4

+ is thought to have volatilized as gaseous NH3 during quiescent settling.
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Figure 1. Theoretical and experimental mass yield of struvite (a) and removal efficiency of (b)
orthophosphate (PO4

3−) and (c) ammonium (NH4
+) from post-HTL ACP of select waste feedstocks

via precipitation of struvite.

3.4. Energy Recovery Impacts of HTL Processing

It is also of interest to quantify the energetic favorability of the struvite precipitation process.
This was done by computing EROI (i.e., EOUT/EIN) metrics, assuming that the ACP arising from HTL
processing of each waste feedstock is managed via struvite precipitation followed by conventional
treatment in a municipal WWTP. Figure 2 summarizes the results of this analysis for three scenarios
(as defined in Section 2.4). For Scenario 1, which is the most conservative scenario, EROI values
were found to be ranging from 0.4 to 1.0. This indicates that struvite precipitation from ACP is not
energetically favorable when the energy value of the fertilizer (i.e., struvite) product is considered to
be the only energy product. This result occurs because the combined energy costs for the Mg salt (i.e.,
MgCl2) and NaOH (46.6 kJ/g and 4.7 kJ/g, respectively) required to induce struvite precipitation are
comparable to the energy value of the fertilizer product itself (13.5 kJ/g assuming direct replacement
for struvite). For Scenario 2, EROI values increase to 0.9–2.1. These estimates account for both the
energy value of the struvite as fertilizer replacement and also the avoided WWTP burden arising from
not having to remediate N and P that is transformed into struvite solids. For both Scenarios 1 and 2,
there is strong correlation between the amount of struvite recovered and the EROI value, with increases
in struvite mass yield corresponding to increases in EROI. Finally, for Scenario 3, EROI values increase
dramatically to 2.1–14.1. This increase accounts for the high energy intensity associated with nutrient
removal during conventional wastewater treatment. In this scenario, the energy consumption for
avoided TN removal becomes the determining factor for EROI. Since residual TN removal is energy-
and cost-intensive, and the volatilization of NH3 reduces the need for the removal of TN post-struvite
precipitation in a WWTP, EROI values for this scenario are much higher than in Scenarios 1 and 2.

Previously published EROI values for HTL processing were revised to account for ACP
management based on the experimental results of this study. Original HTL values were taken from
Connelly et al. (2015), Sawayama et al. (1999), and Vardon et al. (2012) [28–30]. These original
EROI estimates were previously revised by Bauer et al. (2018) to account for ACP management via
conventional wastewater treatment for removal of TN, TP, and COD [4]. In the Bauer et al. (2018) study,
the original EROI values were revised to account for the energy consumption required to remove TN,
TP, and BOD from the post-HTL ACPs through conventional wastewater treatment processes. In the
current study, revised EROI estimates from Bauer et al. (2018) were re-revised to account for nutrient
recovery from the ACPs via struvite precipitation, assuming that residual (i.e., post-precipitation) TN,
TP, and BOD in the ACPs are removed via conventional treatment in a municipal WWTP [4].

Table 4 summarizes the original EROI values from the three studies, the revised EROI values
presented in Bauer et al. (2018) [4], and re-revised EROI values that have been updated to account for
N and P removal via struvite precipitation. Figure S2 in the Supplementary Materials illustrates the
life-cycle systems boundaries for the three sets of EROI calculations. Neither Bauer et al. (2018) [4] nor
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this study attempted to change or harmonize the systems boundaries of the original studies beyond
adding in ACP management with or without nutrient recovery. The original analyses were changed as
little as possible. Therefore, the EROI values in Table 4 should be compared only within a single row
(e.g., comparing one original EROI with its corresponding revised or re-revised EROI), rather than
comparing EROIs from multiple rows. The latter is not appropriate given that the original calculations
made use of different systems boundaries.

Figure 2. Calculated energy return on investment (EROI) values of nutrient removal and recovery of
post-HTL ACPs of select waste feedstocks via struvite recovery.

Table 4. Three sets of EROI values for HTL processing of various organic feedstocks: as reported in
original HTL studies; as revised by Bauer et al. (2018) [4] to include ACP management in a conventional
wastewater treatment plant (WWTP); and as re-revised in this study to account for nutrient recovery
via struvite precipitation with subsequent conventional treatment to remove residual TN, TP, and
biological oxygen demand (BOD).

Author/Year Feedstock/Scenario
Original

EROI

Revised EROI
with ACP

Management a

Revised EROI
with Struvite

Precipitation b

Connelly et al.,
2015 [28]

Algae, “CO2 from ethanol” 1.3 1.1 1.2
Algae, “CO2 from natural wells” 1.2 1.0 N/A c

Sawayama et al.,
1999 [30]

B. braunii (algae) 6.7 3.7 3.9
D. tertiolecta (algae) 2.9 2.0 2.1

Japanese oak 1.8 1.3 1.3
Japanese larch bark 0.9 0.8 0.8

Sewage sludge 2.9 2.0 2.0
Barley silage 2.3 1.7 1.7

Kitchen garbage 0.7 0.6 0.6

Vardon et al.,
2012 [29]

Scenedesmus (algae), 80% moisture 2.3 1.3 1.4
Defatted Scenedesmus, 80% moisture 1.8 1.1 1.1

Spirulina (algae), 80% moisture 1.6 0.9 1.0
a Bauer et al. (2018) [4]; b This Study; c N/A due to non-dimensional scaling.
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The calculations from this study reveal that the re-revised EROI values are not appreciably greater
than the revised EROI values from Bauer et al. (2018) [4]. That is, accounting for struvite precipitation
does not dramatically change the energy balance for the HTL system when accounting for ACP
management, even when the best case scenario is applied. This indicates that the precipitation
of struvite is not a highly promising way of improving the life-cycle energy performance of
a waste-to-energy HTL platform. Several reasons for the poorer than expected performance of struvite
precipitation include: the small fractions of ACP N and P that exist in the forms needed to produce
struvite (i.e., NH4

+ and PO4
3−, respectively); and the low energy value of the MAP fertilizer which is

supplanted by the struvite product, relative to the energy cost of the MgCl2 that is used to produce it.

3.5. Economic Benefit of Struvite Precipitation from ACP

Based on the experimental results from this study, an economic analysis was conducted to measure
the economic benefit of struvite precipitation from post-HTL ACP as a means of ACP management
based on the three scenarios described in Section 2.4. Again, calculations were scaled to treatment of
1 million liters of post-HTL ACP. Based on measured ratios of biocrude:ACP, this volume of ACP would
correspond to the production of approximately 110 thousand L liters of biocrude (see Supplementary
Materials, Table S11). The market value of struvite has been previously reported by several researchers
to be within the range of $198/ton to $800/ton [35]. For this analysis, the lowest reported market value
for struvite ($198/ton) was used. The results from the economic benefit analysis of the precipitation of
struvite from post-HTL ACP samples are summarized in Figure 3.

Figure 3. Economic analysis of the benefit of the precipitation of struvite from post-HTL ACP of select
waste feedstocks as a means of management of ACP through the removal of NH4

+ and PO4
3−.

Based on the results reported in Figure 3, the economic benefit of struvite precipitation from
post-HTL ACP is promising. All feedstock ACPs showed a positive net income from the recovery
of N and P via the precipitation of struvite, ranging from $9/million liters (ML) ACP to $652/ML
(Scenario 1), from $38/ML to $1298/ML (Scenario 2), and from $64/ML to $2179/ML (Scenario 3),
even though the lowest reported market value of struvite was used for this analysis. The net income of
struvite production is positively correlated to the concentration of PO4

3− in the post-HTL ACP that
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can be recovered via nutrient-based precipitation. Compared to the concentration of recoverable (i.e.,
organic) N and P in benchmark domestic and industrial wastewaters, the concentrations of recoverable
N and P in post-HTL ACP are much higher [4], indicating that the recovery of nutrients from
post-HTL ACPs via struvite precipitation would be more economical than conventional wastewater
treatment methods.

4. Conclusions

HTL processing of organic waste feedstocks produces potent wastewater in the form of ACP that
is likely to require management before discharge into receiving water bodies. Theoretical modeling
results indicate that inorganic N and P can be recovered from post-HTL ACP in the form of the
slow-release fertilizer struvite. Most ACPs exhibited theoretical precipitation of struvite at an optimal
pH of 10.5. Struvite precipitation accounted for more than 97% OP recovery for several of the
studied ACP samples. Experimental analyses confirmed predicted struvite mass yields and estimated
residual phosphate concentrations; however, NH4

+ was even greater than expected, due to NH3

volatilization. Although the struvite precipitation step is itself net-energy producing, adjustment of
published EROI values for the HTL platform reveals that struvite precipitation does not appreciably
change the overall energy balance of HTL. Economic analysis suggests that the precipitation of
struvite from post-HTL ACP is economically feasible. This research provides essential insight into
the sustainability of waste-to-energy systems as a means of both producing renewable energy and
recovering valuable materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/4/729/s1,
Table S1: Theoretical recovery of nutrients via the precipitation of struvite from post-HTL dairy manure ACP at
pH range of 4.4 to 14, Table S2: Theoretical recovery of nutrients via the precipitation of struvite from post-HTL
pre-digested sludge ACP at pH range of 8.4 to 14. Optimal pH for nutrient recovery from pre-digested sludge
ACP is 10.5, Table S3: Theoretical recovery of nutrients via the precipitation of struvite from post-HTL digested
sludge ACP at pH range of 8.6 to 14. Optimal pH for nutrient recovery from digested sludge ACP is 10.5, Table S4:
Theoretical recovery of nutrients via the precipitation of struvite from post-HTL brewing yeast ACP at pH range
of 8.3 to 14. Optimal pH for nutrient recovery from brewing yeast ACP is 10.5, Table S5: Theoretical recovery of
nutrients via the precipitation of solids from post-HTL spent grains ACP at pH range of 5.3 to 14. Optimal pH for
nutrient recovery from spent grains ACP is 10.5, Table S6: Theoretical recovery of nutrients via the precipitation of
solids from post-HTL white lees ACP at pH range of 6.4 to 14. Optimal pH for nutrient recovery from white lees
ACP is 9.0, Table S7: Theoretical recovery of nutrients via the precipitation of solids from post-HTL red lees ACP
at pH range of 8.8 to 14. Optimal pH for nutrient recovery from red lees ACP is 10.5, Table S8: Summary of the
life-cycle energy values of the various materials consumed and produced via the precipitation of nutrients from
the post-HTL ACP of select organic waste feedstocks. Parameter values were taken from the ecoinvent database,
as accessed using SimaPro v.3 and/or Clarens et al. (2010), Table S9: Molar ratio of P-PO4

3−, N-NH4
+, and Mg2+

within the solids precipitated from the post-HTL ACP of select waste feedstocks, Table S10: Characterization of
as-received raw waste feedstocks for processing into liquid biocrude through HTL conversion, as adapted by
Bauer et al. (2018), Table S11: Biocrude and ACP yield from HTL process for select waste feedstocks, as adapted
by Bauer et al. (2018), Figure S1: pH dependence of (a) OP and (b) ammonia, magnesium, and calcium speciation
at 25 ◦C. The speciation of ammonia between ionized NH4

+ and free NH3, as well as the OP species (i.e., H3PO4,
H2PO4

−, HPO4
2−, and PO4

3−) is pH dependent, Figure S2: Life cycle boundaries for three estimates of HTL EROI
are denoted A, B and C. “A” (dashed black lines) depicts initial systems boundaries from original HTL studies (i.e.,
Connelly et al. (2015), Vardon et al. (2012) and Sawayama et al. (1999)). “B” (dashed green lines) depicts revised
system boundaries used by Bauer et al. (2018) to account for ACP treatment in a municipal WWTP. “C” (dashed
maroon lines) depicts extended system boundaries used in this study to account for struvite recovery followed by
conventional treatment to remove residual TN, TP and BOD, Figure S3: XRD diffractogram of standard struvite
and solids precipitated from the post-HTL red lees, brewing yeast and spent grains ACP samples.
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Abstract: Microalgae utilized for experiments are often not produced by the researchers that are
doing experiments with them. The microalgae are made storable through thermal or freeze-drying
by the producer. In an industrial scaled process, because of efficiency reasons, microalgae would
not be dried, but processed directly. With that, the question is, if drying already could change the
composition or structure that much, that a process scaled up from laboratory to productive scale with
fresh microalgae would be less efficient or even would not work at all. The effect of freeze drying on
the extraction behavior for the species Scenedesmus rubescens was investigated. It was obtained in
freeze-dried condition and again was delivered in fresh state. The utilized microalgae were extracted
with n-hexane, without and with different pretreatments (acidic hydrolysis and hydrothermal
carbonization) to examine the differences in the yields. In conclusion, it was demonstrated that
freeze drying harms the cell wall and therefore this process already influences the quantity of
extracted lipids. Depending on the harshness of the treatment process for cell wall disruption this
might influence the extracted yield when the algae are not freeze-dried. The quality of the extracted
lipids does not change when freeze-dried.

Keywords: microalgal oils; microalgae extraction; lipids; biofuel; cell wall disruption; hydrothermal
disintegration; freeze-dried; fresh harvested; Scenedesmus rubescens

1. Introduction

Very often, the microalgae utilized for experiments are not produced by the researchers that are
doing the experiments. The microalgae are made storable by the producer, which means they are
harvested, centrifuged and heat or freeze-dried. This makes handling and timing for the consumer
much easier. But these pretreatment steps are usually very energy intensive and especially the drying
would not be conducted when working in an industrial process where microalgae would be produced
as a bulk material and afterwards processed further, for example in an extraction process. For saving
costs, in such an industrialized process the freshly harvested microalgae would be fed directly into the
process. As it is likely, that beforehand in the R&D stage, freeze-dried microalgae were obtained and
utilized, the question is, if the pretreatment (freeze drying) already did changes to the structure that
makes the industrial process with fresh microalgae not that efficient or even does not work at all?

In the literature, several papers can be found that deal with the question of cell wall disruption
because of an inevitable treatment like harvesting or some kind of dewatering or drying.

Falco et al. [1] analyzed spray dried Spirulina platensis with scanning electron microscopy (SEM)
and showed that their morphology comprised of globular particles with an average size of several
micrometers. The form of an intact Spirulina (Arthrospira) cell is helical/spiral. Therefore, the cell is
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already destroyed by the drying process. This is likely to happen with any process which applies
mechanical pressure on a Spirulina (Arthrospira) cell.

Although a high disintegration grade for Arthrospira is already supposed to be reached by freeze
drying and direct extraction, (i.e., a high fraction of lipids can be extracted without the need for a
disintegration step), for other species this might be different [2,3]. In [4] Chlorella and Scenedesmus
species needed a harsher method such as acidic hydrolysis and hydrothermal treatment to break up
the cell wall structure and enhance the extraction yield.

Bohutskyi et al. [5] investigated the influence of harvesting techniques and storage conditions of
several microalgae species and states that microalgae with a polysaccharide cell wall are less sensitive
to rupture compared to those without it. In [6] a cyanobacterium Aphanothece microscopica Nägeli was
dried at temperatures ranging from 40 ◦C to 60 ◦C at different thickness layers. The highest protein
and lipid yields were achieved with 60 ◦C and a layer thickness of 7 mm (in comparison to 5 mm).

In [7] two diatoms (Chaetoceros sp. and Phaeodactylum tricornutum) were investigated towards
their chemical composition after different preservation techniques. Direct freezing of the concentrated
medium seemed the most reliable technique for the preservation of these microalgae. The proximate
composition concerning proteins and lipids did only change slightly, even after a longer period
(2 month). For air (30 ◦C) and freeze-dried algae these preservation techniques resulted in high
percentage, around 70%, losses of lipids directly after treatment and also lost further organic
components due to oxidation or bacterial activity after 2 months of storage. Protein content and
profile did not change significantly. In contrast, Morist et al. [8] investigated treatment methods for
Spirulina platensis pasteurization, spray-drying, and freeze-drying. Again, the protein content and
profile did not change significantly, but the content of five different fatty acids was also measured.
In this case the fatty acid content did not change to this high degree between the different treatment
processes. The paper concluded that the freeze-drying method is the most recommended method
because of almost no product degradation and higher biomass quality.

In this publication we investigate the effect of freeze drying for the species Scenedesmus rubescens.
It was obtained in freeze-dried condition and, while doing experiments for another purpose, we had
the chance to obtain algae from the same species from the same producer (IGV GmbH) in fresh state,
still in the growth medium. The fresh microalgae were used as is (only centrifuged to lower the water
content), but also for comparison, this charge of microalgae was freeze-dried and again processed like
the original freeze-dried example. With this, it was possible to directly compare if it made a difference
for the pretreatment and extraction if this species was freeze-dried or not. As already conducted in [4],
the utilized microalgae were extracted with n-hexane, with and without different pretreatments (acidic
hydrolysis and hydrothermal carbonization) to examine the differences in the yield and thereby give
an answer on the consequences of making microalgae storable by freeze drying.

2. Materials and Methods

2.1. Material

The species used in this study; Scenedesmus rubescens (S. rubescens), was provided kindly by the
IGV GmbH, Germany. S. rubescens is a green microalga which grow in freshwater. About 2 kg of it
was obtained. The microalgae was freeze-dried after harvesting. It was conducted at IGV GmbH.
The freeze-dried algae had a residual water content of approximately 6 wt.%. The microalgae can
be stored like this at room temperature for several months. The second (fresh) charge of S. rubescens
was also obtained from IGV GmbH and was tested directly after centrifugation from the medium.
Characteristics resulting from morphology should be the same, but because of seasonal differences
and possibly different bioreactor set-ups between the freeze-dried and fresh obtained microalgae the
absolute measures of the compounds may vary.
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2.2. Freeze Drying

As the fresh obtained S. rubescenes from IGV GmbH should be compared to the ones obtained that
were already freeze-dried by the producer, freeze drying also was conducted in our own lab. For this
work, this was conducted with a special freeze dryer (Alpha 1-2 LDplus, Christ). For this, 100 g of the
centrifugate of fresh S. rubescens was weighed in a crystallizing dish. The dish was covered by a watch
glass and freeze-dried for 72 h until it was a constant mass. The residue was pulverized in a mortar
prior to headspace-Karl-Fisher-Titration determining 8.5 wt.% residual water.

2.3. Properties

The raw material was dried in a Laboratory Drying Oven at 105 ◦C for 24 h to determine the water
content [4]. The water content of the hydrothermal carbonization (HTC) product was determined by
headspace-Karl-Fisher-Titration (Aqua 40.0, Elektrochemie Halle GmbH) based on DIN EN 14774-1 [4].
Carbon, nitrogen, hydrogen, and sulphur content were measured according to standard methods
(DIN EN 15104) using an Elementar Vario Macro Cube (Elementar Analysensysteme GmbH, Hanau,
Germany) [4]. C, H, N, and S were reported in weight percentage on a dry basis and higher heating
value (HHV) in kJ/kg on dry basis [4]. Determination of the HHV was done by the CEN method
(DIN EN 14918) using a Parr oxygen bomb calorimeter 6400 (Parr Instrument (Germany, Frankfurt)) [4].

2.4. Determination of Fatty Acid Profile by GC-MS

Analysis was performed on a 7890A gas chromatograph coupled with a mass-selective detector
(5975C; Agilent Technologies, USA) [4]. The injection mode was split 1:15. A deactivated liner
was inserted into the injection chamber, which was kept at 300 ◦C 1 μL of the sample was
injected for separation by an ionic liquid phase (1,12-Di(tripropylphosphonium)dodecane bis
(trifluoromethylsulfonyl) imide; SPB-IL 60 30 m × 0.25 mm x 0.20 μm, Sigma Aldrich) [4]. The gas
chromatography (GC) system was operated in programmed-temperature mode: initial temperature
160 ◦C, first linear ramp 1 ◦C min–1 until 165 ◦C, 15 min hold, second linear ramp 5 ◦C min–1 until
250 ◦C final temperature, 1 min hold. Data acquisition was performed on the mass-selective detector in
scan mode (40–450 amu) [4]. Due to changes in laboratory work flow a part of the measurements were
done on a Polyethylenglycole phase (HP-INNOWax, 30 m × 0.25 mm × 0.25 μm; Agilent Technologies)
The injection mode was split 1:15, the deactivated liner was kept at a temperature of 260 ◦C [4].
When using the HP-INNOWax-column, the GC system was operated in programmed-temperature
mode as well: initial temperature 150 ◦C, 0.5 min hold, linear ramp 4 ◦C min–1 until 260 ◦C final
temperature, 7 min hold. Data acquisition was performed on the mass-selective detector in scan mode
(40–380 amu) [4]. An external calibration was done for both of the capillary columns separately [4].

Samples for GC-MS determination was prepared as follows: 100 mg of the extracted algae oil were
dissolved in 5 ml tert-butyl methyl ether (MTBE) [4]. 100 μL of the MTBE solution was transferred to a
GC-Vial equipped with a 0.2 ml micro-insert [4]. 50 μL trimethylsulfonium hydroxide (TMSH) were
added to this solution. The mixture was shaken shortly and measured immediately [4]. The formed
fatty acid methyl esters (FAME) were identified by mass spectral data (National Institute of Standards
and Technology (NIST) 2008 Mass Spectral Library) and matching of retention times with FAME
standard substances [4]. Quantitative determination was carried out by serial dilution of Grain
Fatty Acids Methyl Ester Mix (Sigma Aldrich, Taufkirchen Germany) and applying an external linear
calibration function [4].

2.5. Acidic Hydrolysis

For comparison and as an example for possible disintegration methods, microalgae were
hydrolyzed by hydrochloric acid prior to the solvent extraction. In accordance to DIN 10342:1992-09
approximately 18 g of the homogenized algae sample, 135 mL water and 65 mL hydrochloric acid (37%)
were stirred thoroughly and heated slowly until boiling [4]. Smooth boiling was maintained for 1 hour,
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followed by filtration and repeated rinsing of the residue and filter paper with distilled water [4].
The filter residue was dried at 105 ◦C for 24 h and weighed, yielding 61% hydrolyzed product.

2.6. Hydrothermal Treatment

The hydrothermal experiments were conducted in a 500 ml batch autoclave (Berghof, Highpreactor
BR-500) with data logger, magnetic agitator and BTC 3000 temperature controller [4]. Temperature and
pressure were recorded online. The system was stirred with 100 rpm to increase the heat transfer and
avoid hot spots. Reaction temperature was typically 200 ◦C [4]. Heating time was 90 min (2 K/min
rate) Holding time was in general 120 min [4]. Concentration of algae was 20 wt.%, as the algae had a
water content of approximately 5.5 to 7 wt.% although being freeze-dried, the corrected dry weight
was considered when calculating the yields of HTC char and lipids [4]. The cooling was carried out
without external cooling over a period of several hours. After cooling, the resulting solid matter was
separated by means of vacuum filtration and dried at 105 ◦C until a constant weight was attained [4].
The gaseous phase was expanded via a gas sampling valve. The volume of the gaseous phase was
measured. As the produced gas mainly consisted of CO2 and the volume produced is low in general
at these process conditions [9] a further examination of the gaseous phase was neglected [4].

2.7. Extraction of Algae Oil

Extraction of the algae oil was done by Soxhlet extraction of the algae sample (freeze-dried or
hydrolyzed) or the HTC product [4]. The solid was pulverized and homogenized in a porcelain mortar.
The sample was transferred to a fat free extraction thimble and extracted continuously for 7 h [4].
As extraction agent n-hexane was used, as hexane extraction is presently seen as the most economical
method for algae extraction [10].

All experiments were conducted only twice because of the limited amount of algae. It was not
possible to obtain more microalgae of the same charge [4]. More repetitions of the experiments by
using smaller amounts for each run would have led to less products for analyzing and less data.
For all educts, intermediates and products, elemental composition, heating value, and, if possible, ash
content were analyzed [4]. The extracted lipid yields were measured and put in relation to the input
material [4].

3. Results and Discussion

The elemental composition of the microalgae without any treatment (Table 1) is very similar.
It shows that there should only be minor differences in the composition of the different charges of
S. rubescens.

Table 1. Elemental composition of the algae species and products.

Algae Species
C H S N HHV H2O

wt.% (dw) wt.% (dw) wt.% (dw) wt.% (dw) kJ/kg (dw) wt.% (dw)

S. rubescens
Algae (freeze-dried) 48.40 8.61 0.37 9.30 21,670 5.62

HTC char 54.20 5.39 0.56 11.30 25,100
Lipid from direct extraction 77.30 11.10 0.32 0.83 39,310

Lipid HTC pretreated extraction 76.10 9.84 0.34 0.79 38,960

Fresh S. rubescens

Algae fresh (but freeze-dried) 50.80 8.98 0.44 9.05 22,290 8.49
HTC product from fresh S. rubescens 58.90 6.40 0.79 11.50 26,690

Lipid from direct extraction
of heat dried algae 74.50 10.40 0.37 0.91

Lipid from direct extraction
of freeze-dried (fresh) algae 74.70 10.50 0.33 0.31 37,780

Lipid HTC pretreated extraction 72.00 10.60 0.34 0.91 38,880
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The HTC char yield of the fresh S. rubescens was between 45.5 and 55.9 wt.%. For freeze-dried
S. rubescens it was between 53.6 and 54.9 wt.%. For the HTC char the carbon and hydrogen content
was a bit higher for the fresh algae. For the directly extracted lipids, it was the original freeze-dried
algae which had a higher carbon and hydrogen content. As this was only around 3 wt.% and 0.7 wt.%
respectively, its questionable if this can be neglected.

The HTC pretreated extracts have differences in the carbon content, but the HHV was again
already the same. The elemental composition of the freeze-dried S. rubescens and its products char and
lipid was comparable to the values for the fresh S. rubescens algae and products. Therefore, in terms of
the elemental composition the process of freeze drying in this work does not seem to have an influence.

The lipid yields achieved with the freeze-dried and fresh S. rubescens under the different
pretreatments are given in Figure 1. Direct extraction of the freeze-dried S. rubescens gave the lowest
yield with 55 g/kg. The acidic treatment gave an approximately 81% higher yield (100 g/kg). The yield
after HTC treatment was 63 g/kg. For the fresh S. rubescens, again direct extraction gave the lowest
yield. Freeze drying gave a yield of around 102 g/kg which was comparable to the yield after HTC
treatment with 103 g/kg. The acidic treatment gave an approximately 80% higher yield (180 g/kg).
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Figure 1. Extraction yields for fresh and freeze-dried S. rubescens at different pretreatments.

The lipid yields extracted from the fresh S. rubescens did vary in absolute measures from the yields
of the freeze-dried S. rubescens. The reason for this can be found in seasonal differences and different
bioreactor setups. Therefore, the absolute measures of the two charges can not be compared.

Nonetheless, as the species and therefore the morphology of the two charges is the same, the ratio
of the different pretreatments is proportional for the two samples. The utilization of the fresh
S. rubescens shows that mere freeze drying disintegrates the algae and elevates the extracted lipid
fraction. For both samples (fresh and originally freeze-dried) the lipid yield was elevated by acidic
hydrolysis at a similar ratio (74 wt.% and 81 wt.% respectively). The yield decreases for both fresh and
freeze-dried S. rubescens when hydrothermally treated.

The GC-MS analysis of the Fatty Acids (FA) (Figure 2) generally showed a good correlation
between originally freeze-dried and fresh S. rubescens. The sum of the direct extracted lipids was about
10 wt.% lower for the freeze-dried S. rubescens, but this is not due to one specific FA.
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Figure 2. wt.% of main fatty acids and percentage of recognized fraction of S. rubescens.

In Figure 3 the percental fraction of recognized FAs was displayed for the fresh and freeze-dried
S. rubescens. C16:0 increases from direct to acidic hydrolysis to HTC extraction for the freeze-dried
example. For the fresh S. rubescens only the HTC extracted yield was higher. For C18:0 and C18:1
the increase from direct to acidic hydrolysis to HTC extraction was similar. For C18:2 the differences
between the yields of the extraction methods are low, but the decrease from direct to HTC extraction
can be seen for both examples. For the C18:3 FA the percental yield decreases for both algal examples.
The decrease of the C18:3 FA might be because of a concentration change when breaking the cell wall
and diluting other kinds of lipids. On the other hand, one or more of the double bonds could be
opened by a hydrolysis or oxygenation reaction. A decrease of C18:3 FA with increase in temperature
was also determined in [11]. The increase of the C16:0 FA might be due to a higher content of C16:0 FA
in the cell wall.

Thereby, the proportional changes in the FA composition for the different methods show a good
correlation between the freeze-dried and fresh S. rubescens. The increasing and decreasing of the
yields from direct to acidic hydrolysis to HTC extraction was generally quite similar for all fatty
acids displayed.
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4. Conclusions

Concerning the question if using fresh or freeze-dried material for laboratory experiments matters,
it has to be stated, that there is a difference in the results found in the conducted experiments for this
work. The freeze drying of the fresh S. rubescens gave a higher yield of lipids then the direct extraction
of the fresh ones. Therefore, there must have been some kind of disruption of the cell wall, which has
to be taken into account when scaling up the considered process. For the lipid extracts it can be stated
that freeze drying does not thoroughly alter the fatty acid composition and thereby should not lead to
problems in process scale up.
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Abstract: Each year the pulp and paper industries generate enormous amounts of effluent treatment
sludge. The sludge is made up of various fractions including primary, secondary, deinked, fiber rejects
sludge, etc. The goal of this study was to evaluate the fuel properties of the hydrochars produced
from various types of paper mill sludges (PMS) at 180 ◦C, 220 ◦C, and 260 ◦C. The hydrochars,
as well as the raw feedstocks, were characterized by means of ultimate analysis, proximate analysis,
moisture, ash, lignin, sugar, and higher heating value (HHVdaf) measurements. Finally, combustion
indices of selected hydrochars were evaluated and compared with bituminous coal. The results
showed that HHVdaf of hydrochar produced at 260 ◦C varied between 11.4 MJ/kg and 31.5 MJ/kg
depending on the feedstock. This implies that the fuel application of hydrochar produced from PMS
depends on the quality of feedstocks rather than the hydrothermal carbonization (HTC) temperature.
The combustion indices also showed that when hydrochars are co-combusted with coal, they have
similar combustion indices to that of coal alone. However, based on the energy and ash contents
in the produced hydrochars, Primary and Secondary Sludge (PPS2) could be a viable option for
co-combustion with coal in an existing coal-fired power plant.

Keywords: primary sludge; secondary sludge; deinked sludge; fiber rejects; hydrochar; combustion
indices; fuel properties

1. Introduction

The world energy demand continues to grow with the increase of populations. The energy
demand is projected to reach up to 42 quadrillion British Thermal Unit (BTU) in 2040 to fulfill the needs
of 10 billion people [1,2]. In order to ensure this energy supply is provided in a sustainable manner,
fossil fuel industries need to begin integrating with renewable energy sources. Coal power plants,
one of the major electricity producers in the U.S., are still expected to provide 17.6% more electricity in
2040 compared to today [2]. This sustainability problem provides extraordinary potential for coal-like
fuels generated from renewable resources. Wet waste biomass, such as paper mill sludges (PMS), is one
of the largest and most abundant sources of renewable energy [3]. In fact, around 16.5 million dry
tons of PMS have been produced annually in the U.S. These wastes have been landfilled, land applied,
incinerated, or used in other ways (e.g., filler, fibers, composite etc.) [4]. Due to the strict landfill
policies and shortage of lands, incineration is becoming the preferred treatment method despite having
incineration costs of around $13–15 per dry ton [5]. Co-firing PMS with coal in existing coal-fired
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power plants may reduce the carbon footprint for the power plant and it may reduce the cost of
waste disposal for the paper mill by generating a sellable product rather than waste [6,7]. However,
viable co-firing requires a feedstock of consistent quality with higher energy density and combustion
characteristics compatible with coal.

A wide variety of PMS are generated in the pulp and paper mills [8–10]. PMS can be categorized
into four broad sections: (1) primary sludge (PS), which is produced in the primary clarifier and
contains mainly fines and fillers [11]; (2) de-inking paper sludge (DPS), which is produced during the
floatation process and is very common for recycled papers [12]; (3) secondary sludge (SS) or biological
sludge, which is the effluent of the microbial wastewater treatment system and is made of microbial
masses [10]; and (4) combined primary and secondary sludge (PSS), which is a mixture of primary
and secondary sludges from the same plant [13]. Besides these basic four categories, there could be
preliminary fiber rejects (PFR) containing preliminary impurities such as metals, inorganics, plastics,
tree branches, etc. and pre-thickened sludge (PTS), which is primary sludge prior to the dewatering
step [14]. The chemical composition of the PMS varies significantly among these categories [8].
For instance, PS is more fibrous and easier to dewater when compared to SS and PSS [11]. DPS contains
pigments, fillers, additives, and coatings in addition to the fiber particles [12]. Meanwhile, PTS contains
high moisture (>98%) and fiber rejects (FR) contains very low moisture but also high ash content [10].
Regardless, all the PMS are wet, which prevent them from being applied directly for energy generation.

Hydrothermal carbonization (HTC) is an emerging technology for producing biofuels and
upgrading solid fuels [15–18]. It conveniently uses residual moisture of the feedstocks as the reaction
medium due to its solvent properties at high temperatures and pressures [19]. Therefore, wastes do
not need to be dried prior to HTC, which is typically an energy intensive process. Subcritical water
at around 200–260 ◦C has high ionic products and low dielectric constants, which allow water to be
more reactive and cause it to behave similarly to non-polar solvents [20]. Therefore, HTC conditions
allow for carbon based organic compounds (namely, hemicellulose and cellulose) to be hydrolyzed
into monomers. These monomer fragments then undergo a series of reactions including dehydration,
decarboxylation, condensation, and polymerization, which can result in products such as hydrochars
and organic acids [15,16,21]. These reactions follow separate kinetics and can be catalyzed by acids,
bases, and inorganics [22–24]. As a result of these complex reaction rates, a wide range of residence
times ranging from 5 min to 6 h have been reported for HTC [18,25,26]. HTC process results in a
solid hydrochar that is quite hydrophobic, friable, and energy dense [27–29]. Although temperature is
considered as the most important processing parameter for an HTC process, the types of feedstock
(e.g., herbaceous, woody, municipal sludge, food waste, sewage sludge, PMS, etc.) and their chemical
compositions also determine the chemical characteristics of hydrochar [30–32]. As a result, different
optimum HTC conditions are reported in the literature for different feedstocks [33–36]. Although
large-scale implementation of HTC is yet to established, recent techno-economic analyses have shown
that HTC of biomass can be economically viable and environmentally sustainable [37–39].

HTC of PMS has been extensively studied in the last few years. For instance, Areeprasert et
al. performed HTC of PSS in a batch reactor at 180–240 ◦C for 30 min to determine optimal HTC
conditions [40–42]. Afterwards, HTC was performed at the optimized condition (197 ◦C and 30 min)
in a small pilot scale [43]. Their results indicate that HTC of PSS is energetically favorable in the
context of Japan. Furthermore, the same group have determined combustion characteristics and
combustion kinetics of PSS hydrochar and reported that the major decomposition was attributed for
cellulose [44]. Meanwhile, the HTC process liquid resulting from PSS was analyzed and recycled in
order to reduce the emission footprint of the paper mill [45]. In order to understand the HTC reaction
parameters, Makela et al. performed HTC of PSS from 180–260 ◦C for 30 min–5 h, both with and
without homogeneous catalysts [26,46]. Their results indicate that dehydration, depolymerization,
and decarboxylation are more prominent than polymerization and aromatization. Similar to the other
biomass feedstocks, hydrochloric acids catalyzed HTC of PSS resulted in an energy yield increase of
the hydrochar [46].
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Literature has repeatedly used PSS or mixed sludge for HTC experiments, whereas the HTC of
other PMS are rare and the differences in chemical compositions among the various PMS are likely to
result in variations in hydrochars. Therefore, the goal of this study was to examine the fuel quality of
solid hydrochars produced by various PMS at various HTC temperatures. The first objective of this
study was to reveal whether the type of PMS feedstocks is more influential than the HTC temperature
in terms of energy densification (ED). As the ultimate goal is to co-fire PMS hydrochar with coal in an
existing coal-fired power plant, the second objective was to evaluate the combustion indices of the
PMS hydrochars compared to the combustion indices of bituminous coal.

2. Materials and Methods

2.1. Materials

Six different PMS were obtained from an industrial partner’s different pulp and paper mill plants
found throughout the USA specifically for this study. Table 1 displays the samples names and how
they are referenced throughout the manuscript. Samples PS, DPS, PSS1, PSS2, and PFR are all from
different plants; PTS was obtained from the same plant as PFR samples. Meanwhile, Clarion #5a
(bituminous coal) was used for co-combustion studies. All samples were dried in an oven at 105 ◦C for
24 h and sealed in Ziploc bags until further use. The nomenclature of the samples and their moisture
contents are shown below in Table 1.

Table 1. Sample nomenclature used throughout manuscript and their respective moisture contents.

Sludge Sample ID MC (%)

Primary Sludge PS 60.1 ± 1.5
De-inked Paper Sludge DPS 63.5 ± 0.5

Primary and Secondary Sludge 1 PSS1 64.1 ± 1.0
Primary and Secondary Sludge 2 PSS2 76.5 ± 1.0
Primary Sludge and Fiber Rejects PFR 57.1 ± 1.2

Pre-thickened Sludge PTS 98.7 ± 0.1

2.2. Hydrothermal Carbonization (HTC)

All HTC experiments were performed in a 600 mL Parr 452HC3 Hastelloy reactor (Parr
Instrument Company, Moline, IL, USA). Reactor temperature was controlled with a Parr 4843
proportional–integral–derivative controller (PID) controller using a J-type thermocouple with an
accuracy of ±3 ◦C. Reaction pressure was monitored as the reactor was a closed system, thus observed
pressures were autogenous pressures in addition to the pressures exerted by produced gases.
The reactor was loaded with a 1:9 dry sample to de-ionized (DI) water ratio. Once the reactor was
sealed, the reactor stirrer was set to an RPM rate of 180 ± 2 rpm. The reactor mixtures were stirred
from then until the end of the HTC process. The hydrochars were produced at reaction temperatures
of 180 ◦C, 220 ◦C, and 260 ◦C. The reactor heating procedure was as follows: (1) the contents of the
reactor were heated at approximately 8 ◦C min−1 until the set reaction temperature, (2) once at the
target reaction temperature, the reactor temperature was held constant for a residence time of 30 min,
(3) after the residence time, the reactor was submerged in an ice-water bath until it reached to 30 ◦C,
which typically took around 10 min, and (4) reactor stirring was stopped once 30 ◦C was reached.
Produced gases were vented in a fume hood and the process liquid was separated from the solid
hydrochar via vacuum filtration and a Whatman 41 filter (20 μm). Hydrochar was washed with DI
water until the pH of washed water reached the pH of DI water. The moist hydrochars were dried in
an oven at 105 ◦C for 24 h, then stored in a Ziploc bag until further analysis.
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2.3. Characterization of Hydrochars

Mass yields were calculated using Equations (1)–(3) and they show how much of the initial
feedstock was converted into solid (hydrochar), liquid and gas.

Solid Mass Yield (%) =
Mass of dry hydrochar

Mass of untreated dry feedstock
× 100% (1)

Liquid Mass Yield (%) =
Mass of liquid produced

Mass of untreated dry feedstock
× 100% (2)

Gas Mass Yield (%) =
Mass of gas produced

Mass of untreated dry feedstock
× 100% (3)

Carbon, hydrogen, nitrogen, and sulfur content were determined using a Flash 2000 Organic
Elemental Analyzer (Thermo Scientific, Grand Island, NY, USA). The oxygen content was calculated by
subtracting carbon, hydrogen, nitrogen, sulfur, and ash percentages from 100%. Electrolytic copper and
copper oxide were used for the analyzer’s oxidation column and 2,5-Bis (5-tert-butyl-benzoxazol-2-yl)
thiophene (BBOT) was used for calibration. Higher heating valued (HHV) were also determined for
hydrochars using a Parr 6200 adiabatic oxygen-bomb calorimeter (Parr Instrument Company, Moline,
IL, USA) calibrated with benzoic acid. Dry ash free HHV (HHVdaf) was calculated via Equation (4).
Energy densification (ED) was calculated via Equation (5) to evaluate how HHV changes from the
untreated feedstock to hydrochar.

HHVdaf =
HHV of the sample

1 − Fraction of dry ash into the sample
(4)

ED =
HHV of dry hydrochar

HHV of untreated dry feedstock
(5)

Lignin analysis was performed by the standard Technical Association of the Pulp and Paper
Industry (TAPPI) method [47]. A modified method of Sequeira and Law [48] was used to quantify
the sugar content. In this method, DI-water at 50 ◦C was used for making and blending a 5% solid
slurry for one minute; three extractions were performed. Solid was filtered in a pressurized air filter
(OFI Testing Equipment, model 140-31) by using Whatman no. 4 filter paper. The filtration process
was operated just above atmospheric pressure to ensure liquor was extracted from the sludges or
hydrochars. Final extraction was conducted in an autoclave (L30 cycle) to make sure no free sugar
remained in the solid. HPLC (Agilent 1200 series) was used to analyze the sugar and sugar alcohols.
HPLC was equipped with a binary pump, an HPX-87P (Bio-Rad) column, and a refractive index (RI)
detector. Water was used as a mobile phase with a flowrate of 0.5 mL min−1. The column was heated
to 85 ◦C to enhance the separation and the RI detector was used at 55 ◦C. An external calibration was
used to quantify the contents (lactose, glucose, xylose, galactose, arabinose, mannose, and fructose).

Volatile matter, fixed carbon, and ash content of samples were determined by thermogravimetric
analyses (TGA) using a TGA Q500 (TA instruments, New Castle, DE, USA). Sample heat rate was
set at 20 ◦C min−1 and all gas flowrates were set at 50 mL min−1. A nitrogen atmosphere was used
for proximate analysis. Samples were heated from 25 ◦C to 105 ◦C and held at 105 ◦C for 5 min,
the temperature was then increased to 900 ◦C and then held for 5 min. Air was then introduced for
10 min to combust the remaining sample left at 900 ◦C. The mass loss under the nitrogen atmosphere
at 105 ◦C was considered moisture. Mass loss between 105 ◦C and 900 ◦C were considered volatile
matters. Mass remaining at the end of the combustion process was considered ash. Fixed carbon was
determined by subtracting moisture, volatile and ash percentages from 100%.

Oxidative reactivity was performed to determine fuel properties and was performed similarly
to the proximate analysis method described earlier using the same equipment. Similar heating rates,
gas flows, and temperature increments were used, but air was the only gas used during the entire
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run. Combustion thermograms and derivative of the mass relative to temperature (DTG) curves were
plotted as shown in the literature [49]; calculation of ignition (Equation (6)) and burnout (Equation (7))
indices are presented below [50]:

Di =
|DTGmax|

tpti
(6)

DB =
|DTGmax|
Δt1/2tptB

(7)

where, DTGmax is the maximum rate of combustion, in magnitude, found in the combustion DTG
curves; tp is the time where DTGmax occurs; ti and tB are the time at which the ignition temperatures
and burnout temperatures are obtained, respectively; and Δt1/2 is the time when the combustion DTG
value is one-half of the DTGmax. Lower values of Di and DB indicate an ideal ignition and burnout (i.e.
overall combustion) behavior.

3. Results and Discussion

3.1. Product Distribution and Energy Densification

Table 2 shows the solid, liquid, and gas mass yields of with respect to different HTC temperatures.
The initial solid to liquid ratio for each experiment was maintained at 1:9. With the increase of HTC
temperature, liquid percentage increases and at the same time solid percentage decreases in the output.
The increase of liquids resulted from the decomposition reactions that occur during HTC; mainly in
the form of dehydration, polymerization, and aromatization reactions [21,51]. Although there was
no gas added initially in the reactor, a small amount of gas (less than 1 g total) had been generated
during HTC, especially at higher HTC temperatures. Decarboxylation of PMS polymers may resulted
in the gaseous product [21,52]. Since the reactivity of biomass increases with the HTC temperature,
lower solid mass yields were expected with the increase of HTC temperatures.

Table 2. Mass yields and energy densification of paper mill sludges (PMS) and their hydrochars
(a Not applicable).

Sample
HTC Temperature

(◦C)
Solid Mass Yield

(%)
Liquid Mass Yield

(%)
Gas Mass Yield

(%)
HHVdaf

(MJ kg−1)
ED

PS

Raw NA a NA a NA a 15.5 ± 0.0 NA a

180 96.2 ± 2.0 3.8 ± 2.0 0.0 ± 0.0 15.1 ± 0.4 1.0 ± 0.0
220 85.4 ± 2.0 11.8 ± 2.2 2.8 ± 0.2 15.3 ± 0.4 1.0 ± 0.0
260 30.3 ± 1.1 58.1 ± 2.4 11.6 ± 1.4 22.8 ± 0.1 1.5 ± 0.0

DPS

Raw NA a NA a NA a 13.0 ± 0.0 NA a

180 91.7 ± 0.9 8.3 ± 0.9 0.0 ± 0.0 13.0 ± 0.2 1.0 ± 0.0
220 84.4 ± 0.9 13.3 ± 1.4 2.3 ± 0.5 12.9 ± 0.1 1.0 ± 0.0
260 58.4 ± 2.0 33.9 ± 1.3 7.2 ± 1.3 11.4 ± 0.7 0.9 ± 0.1

PSS1

Raw NA a NA a NA a 21.4 ± 0.1 NA a

180 81.2 ± 0.3 18.3 ± 1.0 0.0 ± 0.0 21.7 ± 0.1 1.0 ± 0.0
220 74.1 ± 0.0 22.2 ± 0.4 3.6 ± 0.5 21.7 ± 0.1 1.0 ± 0.0
260 54.1 ± 2.0 38.8 ± 3.6 7.1 ± 1.6 27.4 ± 0.1 1.3 ± 0.0

PSS2

Raw NA a NA a NA a 19.6 ± 0.2 NA a

180 90.9 ± 0.5 9.1 ± 0.5 0.0 ± 0.0 19.6 ± 0.1 1.0 ± 0.0
220 78.9 ± 1.2 18.4 ± 1.2 2.7 ± 0.0 20.2 ± 0.1 1.0 ± 0.0
260 41.1 ± 1.7 49.9 ± 2.1 9.0 ± 0.4 28.9 ± 0.1 1.5 ± 0.0

PFR

Raw NA a NA a NA a 19.7 ± 0.2 NA a

180 93.2 ± 2.1 6.8 ± 2.1 0.0 ± 0.0 18.5 ± 0.0 0.9 ± 0.0
220 81.9 ± 1.2 15.6 ± 0.5 2.5 ± 0.7 19.3 ± 0.2 1.0 ± 0.0
260 45.4 ± 1.2 42.9 ± 0.8 10.7 ± 0.4 25.2 ± 0.3 1.3 ± 0.0

PTS

Raw NA a NA a NA a 17.1 ± 0.7 NA a

180 87.5 ± 2.9 8.0 ± 0.8 0.0 ± 0.0 18.6 ± 0.5 1.1 ± 0.0
220 69.8 ± 2.8 25.2 ± 1.4 5.0 ± 1.4 21.6 ± 0.1 1.3 ± 0.0
260 43.8 ± 1.1 52.0 ± 4.6 4.1 ± 3.5 31.5 ± 3.7 1.8 ± 0.3

Clarion #
5a coal Raw NA a NA a NA a 30.5 ± 0.3 NA a
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The variation of HTC product distribution resulting from different PMS feedstocks can be found
in Table 2. Solid mass yields of HTC treated PSS1 and PSS2 considerably decreased as reaction
temperature increased, reaching yields as low as 54.1% and 41.1%, respectively at 260 ◦C. Even though
both are mixtures of primary and secondary sludges, their solid mass yields were significantly different.
The reason could simply be the variation of ratios of primary to secondary sludges in the samples. This
result shows that sludge feedstocks can vary in a manner that impacts HTC performance, even amongst
the same category of sludges. The yields at 180 ◦C and 220 ◦C were quite high for both feedstocks,
which may indicate that both sludges were rich in cellulose and lignin. As the cellulose and lignin react
with water during HTC at approximately 220–230 ◦C and 255–265 ◦C, respectively, PMS remain mostly
unreacted at 180 ◦C and 220 ◦C [52–55]. So far, researchers have mainly conducted their research on
the mixed (primary and secondary) PMS and have found the solid mass yield in a range between 29 to
65% depending on the mixing ratio of primary to secondary sludges when the HTC was conducted at
260 ◦C [26,56].

Solid mass yield of HTC treated PS significantly decrease at the high reaction temperature,
reaching a yield as low as 30.3% at 260 ◦C. However, minimal changes were observed at 180 and
220 ◦C, which indicate that the PS is rich in cellulosic material that did not completely react until 260 ◦C.
Kim et al. found that the PS contains 58% cellulose [57]. The solid mass yield of PFR was similar to PS
at low temperatures (180 and 220 ◦C), while solid mass yield of PFR was higher than the solid mass
yield of PS at 260 ◦C. The reason for this higher solid mass yield for PFR could be the presence of
higher lignocellulosic material in PFR compared to PS, as PFR contains tree branches and barks. These
lignin-rich compounds breakdown slowly, and likely remain unreacted at these treatment conditions.

Since PTS is basically the PS prior to the dewatering step [14], the solid mass yield for PTS are
expected to be similar to PS. However, a significant difference was observed between their solid mass
yields, especially at 260 ◦C. The solid mass yield was 43.8% for PTS while it was 30.3% for PS. Although
the yields were different, they fall within the literature values of PS (29 to 65%). This difference
indicates that the PTS might have an even distribution of lignin and cellulosic compounds, as it seems
similar to degradation from 180 ◦C to 220 ◦C to 260 ◦C. With PS, more significant difference occurs
between 220 ◦C and 260 ◦C than between 180 ◦C and 220 ◦C. This indicates that the PS is composed
of more hardy lignin compounds that break down at higher temperatures. These differences in solid
mass yield with respect to temperature are consistent with previous literature, which has traditionally
explained this observation as being the result of difference in feedstocks. A mild change in solid mass
yield at 260 ◦C was observed for DPS, which was 58.4%. This higher solid mass yield, compared
to the other sludges, may be due to either the sludge containing more inorganic components which
remain unreacted during HTC, or the sludge containing more lignocellulosic fiber wastes which do
not degrade as readily under these conditions.

It was observed from the mass yields that minimal carbonization happened to the PMS at 180 ◦C
and 220 ◦C, even though cellulose degradation is expected to occur at 220 ◦C. Meanwhile, significant
changes only happened to all PMS at 260 ◦C. This indicates that the cellulosic mass may be stabilized
by the other lignin components in the PMS, requiring a higher temperature to initiate the HTC process.
Mass yields alone, however, do not give a full account of the benefits of the HTC process. As the
main focus of this study is the fuel properties of solid hydrochars, it is necessary to check additional
fuel characteristics (i.e., HHV or ED) of all hydrochars to evaluate the more impactful hydrochars for
further analysis.

How the energy is concentrated into the hydrochar with respect to its raw sample is known as
energy density (ED). The dry ash-free HHV (HHVdaf) and ED, relative to the raw samples, are shown
in Table 2. The HHVdaf of raw sludges varies from 13.0 to 21.4 MJ kg−1, where DPS has the minimum,
PSS1 has the maximum, and the others fall in between. The HHVdaf of all sludges are lower than the
HHV of bituminous coal (25.4–27.4 MJ kg−1) [58,59]. The HHVdaf of hydrochars produced at 180 and
220 ◦C were similar to their individual raw samples. However, the HHVdaf of hydrochars produced at
260 ◦C were significantly higher than the corresponding raw samples, with the exception of DPS. Some
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of them are even higher than the HHVdaf of coal (e.g., hydrochar of PSS1, PSS2, and PTS produced at
260 ◦C). The HHVs of hemicellulose and cellulose have a range between 16.8–18.6 MJ kg−1 and break
down around 180 ◦C and 220–230 ◦C [53,54,60]. On the other hand, lignin not only has a higher HHV
(23.3–25.6 MJ/kg) but also has HTC initiation around 255–265 ◦C [52,55]. As a result, the component
that has higher HHV stays in the hydrochar product at a higher HTC temperature. The only exception
was observed in DPS, where the HHV decreases with the increase of HTC temperature. This decrease
in HHV, which is unique to the DPS char, is due to the loss of carbon and relative increase in oxygen
(both must be compared to the total mass loss of the sludge). The lack of carbonization could be due to
the higher amount of inorganics present in the DPS, which is shown in its high ash content.

Table 2 shows that ED remains 1.0 for all hydrochars produced at 180 and 220 ◦C, which indicates
that almost nothing favorable happened for PMS in terms of energy content at those HTC conditions.
However, the energy contents by the hydrochars produced at 260 ◦C were 1.3 to 1.8 times higher
than their raw samples except for DPS, which had ED lower than 1.0 at 260 ◦C. As such, the types
of feedstocks are more significant than HTC reaction temperature for densifying the energy in PMS.
As solid fuel properties of PMS are the main focus of this study and significant changes of ED
happened only at HTC 260 ◦C, from now on, the characteristics of hydrochars produced at 260 ◦C will
be discussed in the following sections.

3.2. Chemical Characteristics of PMS Hydrochars Produced at 260 ◦C

From the previous sections, it was observed that the solid mass yield decreases and ED generally
increases with the HTC temperature. Therefore, it is important to evaluate how the organics and lignin
in the hydrochars produced at 260 ◦C vary from their raw sludges, including their significant impact
on ED. Table 3 presents the ultimate analysis including ash, lignin, and sugar (C5 and C6) content of all
PMS and their corresponding hydrochars produced at 260 ◦C. Hydrochar of each sample has higher
carbon content compared to its raw sample, except DPS. The carbon content increases from 34.6% to
44.3%, 38.4% to 40.5%, 42.8% to 62.2%, 39.8% to 57.6%, and 23.9% to 40.2% for PS, PSS1, PSS2, PFR,
and PTS, respectively. However, this content decreases for DPS from 27.1% to 22.2%. The oxygen
content, on the other hand, has a decreasing trend for all sludges from raw to its hydrochar. The oxygen
content decreases from 44.4% to 18.5%, 37.0% to 29.6%, 30.3% to 16.0%, 45.8% to 25.0%, 34.6% to 9.2%,
and 48.4% to 3.3% for PS, DPS, PSS1, PSS2, PFR, and PTS, respectively. The loss of hydroxyl groups
due to the dehydration reaction during HTC results in lower the oxygen content [58]. The increase
in carbon and a decrease in oxygen content complement the HHV increases after HTC treatment.
Although the oxygen content decreases for DPS, the carbon content also decreases with HTC, resulting
in the decrease of HHV. Hydrogen and nitrogen content change minimally and remain approximately
the same. Fuel qualities of the PMS hydrochars were further analyzed with van-Krevelen diagram
(Figure 1). In the van-Krevelen diagram, a sample closer to the origin indicates a higher quality fuel
(i.e., anthracite) and a sample far from the origin specifies a poor-quality fuel (i.e., lignite or biomass).
Fuel quality of all PMS except DPS being vastly upgraded with HTC at 260 ◦C and falls between
bituminous and sub-bituminous region shown in Figure 1.

Ash content in each hydrochar was higher from its raw sample shown in Table 3. Ash is
predominantly inert in the HTC process, so it is expected to become concentrated as the HTC process
progresses. Higher ash content in treated samples is a result of HTC breaking down organic biomass
constituents (release into liquid phase) and keep concentrating the inorganic content in the solid
phase [25,61]. Similar to the ash content, lignin content was also higher in hydrochar compared to its
raw sludge. This number increases from 5.2% to 36.9%, 10.0% to 19.7%, 20.2% to 46.8%, 17.6% to 87.8%,
22.6% to 57.9%, and 20.4% to 44.2% for PS, DPS, PSS1, PSS2, PFR, and PTS, respectively. As lignin
breaks down between 255–265 ◦C [52,55], unreacted lignin is concentrated in the solid phase. Higher
lignin content in hydrochar can be supported by the increase in HHV for most sludges following
treatment as a result of reactive, less energy dense cellulose being removed from the char more at
higher temperatures.
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Total sugar content in raw samples and their hydrochar was almost the same, shown in Table 3.
The short-chain sugar molecules (C5 and C6) are likely the product of hydrolyzed cellulose and
hemicellulose [62]. However, these sugar molecules are highly reactive at HTC conditions and they
tend to dehydrate into furan derivatives (e.g., furfural, hydroxymethyl furfural etc) or decarboxylated
to short-chain acids, CO2 and water [62]. However, in PMS, the number did not increase, which could
indicate that dehydration and decarboxylation of sugars are more dominant than hydrolysis of PMS.

Figure 1. van-Krevelen diagram for all raw and hydrochar samples including bituminous and
sub-bituminous coal.
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3.3. Fuel Characteristics of Hydrochars

Carbon contents in the PMS hydrochars were increased with HTC, while oxygen contents were
decreased, resulting in increases of HHVdaf. While this increase makes the hydrochars more similar
to bituminous coal, another factor to consider is that there is clearly a wide range of ash contents
observed in PMS samples, which will impact fuel quality. Additionally, combustion properties of
those hydrochars are required to further evaluate the fuel characteristics in order to determine the
feasibility of co-combustion with coal. Pyrolysis thermograms of various hydrochars, shown in
Figure 2, illustrates the thermal gravimetric (TG) curves and derivative thermal gravimetric (DTG)
curves for hydrochars produced at 260 ◦C from PS, DPS, PSS1, PSS2, PFR, and PTS with respect
to TG pyrolysis temperatures. The TG curves for PS-H260, PSS2-H260, PFR-H260, and PTS-H260
showed a rapid mass loss between 190 to 550 ◦C with a maximum mass loss rate of −4.14, −7.86, 6.05,
and −6.48% min−1, respectively. This rapid mass loss could be attributed to the high volatile materials
present in these hydrochars [65]. The PSS2-H260 lost 61% of its initial mass during the complete
pyrolysis stage which was the maximum among others while the PS-H260, PFR-H260 and PTS-H260
have lost 51%, 55%, and 43%, respectively. Although PSS1 and PSS2 both are mixtures of primary and
secondary sludges, the TG curve of PSS1-H260 exhibited a slow mass loss for the same temperature
range with a maximum mass loss rate of −3.21% min−1 compared to PSS2-H260 and lost 46% of its
initial mass. This is another confirmation that the sources of these samples were different and/or
the ratios of primary to secondary sludges are not the same. The TG curve of DPS-H260 displayed
a maximum mass loss rate of −7.13% min−1 at a much higher temperature range of 640–780 ◦C.
The presence of higher inorganic compounds or lignin could be the possible reason for this shift
towards higher temperature compared to other sludges [66]. The TG curve for PS, which is dewatered
PTS [14], also illustrated its maximum mass loss rate in this temperature range.

(a)

Figure 2. Cont.
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(b)

Figure 2. Pyrolysis thermograph plotted versus temperature (a) and derivative thermal gravimetric
(DTG) curves plotted versus temperature (b) for all 260 ◦C hydrothermal carbonization (HTC) treated
paper mill sludges (PMS).

The DTG curves for all the hydrochars, except for PSS1-H260 and PSS2-H260, showed two distinct
peaks at two different temperature ranges of 310–400◦C and 640–780◦C, respectively. The DTG curves
of PSS1-H260 and PSS2-H260 displayed only one major peak in between 310–400 ◦C. All DTG curves
have minor peaks after the major peak in the temperature range of 310–400◦C. The origin of these
peaks can be explained from the constituents of PMS. Yanfen et al. [66] stated that paper pulp and
fiber are the main organic elements of PMS and because of the degradation of hemicellulose, cellulose,
and lignin present in the sludges are primarily responsible for these peaks. Previous studies have
also found that hemicellulose decomposes between 200–300 ◦C during pyrolysis, while cellulose
decomposes between 300–400 ◦C. The pyrolysis of lignin starts above 300 ◦C and continues for a wide
temperature range [58]. All the peaks illustrated in DTG curve of Figure 2b agree with these findings.
The peaks before 400 ◦C attributed to the complete decomposition of hemicellulose and cellulose and
partial decomposition of lignin as it degrades over a wide range of pyrolysis temperature. The peaks
after 400 ◦C correspond to the complete breaking of lignin [50]. However, the second peak for PS and
DPS emerged at 750 ◦C. The pyrolysis of chemicals (i.e., additives, coagulants, flocculants, CaCO3,
and other minerals ) present in the PS and DPS could be the possible reason for the emergence of the
second peak at a higher temperature compared to other sludges [66,67].

The proximate analysis of various raw and PMS hydrochars at 180, 220, and 260 ◦C are presented
in Figure 3. The figure indicates that the raw PMS samples were high in volatile matters and low in
fixed carbon. Among the raw PMS samples, PSS2 contained the highest volatile matters and the lowest
ash while PSS1 had the highest fixed carbon. Figure 3 also shows the change of ash, fixed carbon,
and volatile matters present in various sludges with respect to HTC temperatures compared to raw
samples. The figure also illustrates that HTC of PMS at 180 and 220 ◦C did not significantly affect the
volatile materials, fixed carbon, and ash content compared to raw PMS samples, which have already
been discussed in Section 3.1. However, the ash and fixed carbon were increased and volatile matters
of PMS decreased remarkably when HTC temperature increased from 220 ◦C to 260 ◦C. The presence
of high inorganic materials, which were trapped in the solid phase of the product instead of being
leached in to the liquid phase, could be a possible reason for the increase in ash. The decrease in
volatile materials could be attributed to the decomposition of cellulose and hemicellulose producing
gaseous species like CO, CO2, and short-chained hydrocarbons [66,68]. The decomposition of volatile
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materials also increased the fixed carbon in 260 ◦C hydrochars [69]. Among the PMS hydrochars, PSS2

contained the maximum volatile materials and fixed carbon as well as the lowest ash percentage.

Figure 3. Proximate analysis of various paper mill sludges hydrothermally carbonized at 180–260 ◦C.
The orange, gray, and blue lines represent volatile matter (VM), fixed carbon (FC) and ash
content, respectively.

Figure 4 shows the co-combustion thermograph of coal, hydrochar of one paper mill sludge PTS,
at 260 ◦C and their 50-50 mix. These parameters were selected because the PTS hydrochar saw the
greatest energy densification at 260◦C. Additionally, 50% mass should allow for both components
to show combustion characteristics to determine if any positive or negative synergistic effects exist
during co-firing. The PTS hydrothermally treated at 260 ◦C was co-combusted with coal to examine
the combustion characteristics through TG curve and first negative derivative of DTG curve. The TG
curve of this PTS hydrochar showed a rapid mass loss of approximately 60% from 170–350 ◦C. This
rapid mass loss occurred due to the presence of high volatile materials (~45%) in PTS hydrochar [59].
However, the TG curve for coal displayed a comparatively slow mass loss from 170–608◦C as it
contained lower volatile materials than PTS hydrochar treated at 260 ◦C. The combustion TG curve
for the mix followed a trend similar to the coal TG curve as it showed a slow mass loss in the same
temperature range as coal. The DTG curve for PTS hydrochar indicated a maximum mass loss rate of
−35.71% min−1 at 317 ◦C whereas coal DTG curve showed the maximum mass loss rate at a higher
temperature of 537 ◦C. The mix DTG showed a combustion characteristic more like the coal where the
maximum mass loss occurred at 541 ◦C. It is observed from Figure 4 that the combustion of 50-50 mix
of PTS hydrochar and coal was more similar to the coal combustion than to PTS combustion.
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Figure 4. Combustion thermograph and DTG curves plotted versus temperature for 260 ◦C HTC
treated paper mill sludges, coal and 50% mixtures of coal and hydrochar (TG nomenclature refers to
mass loss on the left axis and DTG can be found on the right axis).

Additional efforts were made to analyze the combustion characteristics of Clarion # 5a coal
(volatile matter (VM) and fixed carbon (FC) are 34.3 ± 0.0 and 54.0 ± 0.5, respectively), all the HTC-260
hydrochars and their 50-50 (wt% dry basis) mix with coal. During co-combustion, DPS-H260 was
not considered as it has low ED compared to other PMS as discussed in earlier sections. All the
parameters of combustion characteristics are presented in Table 4. Ignition and burnout indices were
calculated using Equations (6) and (7). The ignition temperatures for all the hydrochars produced at
260 ◦C, except for DPS-H260, were low compared to coal as they contain high volatile material than
coal [70]. The presence of high inorganics in DPS could be a reason for high ignition temperature.
The other combustion parameters of the same hydrochar also deviated a lot compared to coal. However,
when other 260’s hydrochars were mixed with coal, these deviations became small. For example,
before mixing, the values of ignition temperature, ignition time, burnout temperature, burnout time,
DTGmax, DTGmax time, ignition and burnout indices for PTS-H260 were 294.2 ◦C, 20.3 min, 342.8 ◦C,
22.8 min, −52.1% min−1, 20.8 min, 1.24 × 10−1, and 5.40 × 10−3, respectively. When mixed with coal,
these values became 430.5 ◦C, 26.8 min, 692.0◦C, 39.8 min, −11.1% min−1, 31.8 min, 1.31 × 10−2,
and 3.12 × 10−4, respectively, which were close to the values for coal. However, in the case of
PS-H260, the deviations were still large even though the DTGmax value became closer than all the
other hydrochars. As such, it is evident from Table 4 that combusting hydrochar produced from PMS
at 260 ◦C (except PS) with coal made had a co-combusting characteristic that is similar to coal.
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4. Conclusions

Six different paper mill sludges have been hydrothermally carbonized at 180 ◦C, 220 ◦C,
and 260 ◦C. With the exception of DPS; HHVdaf and ED ratio were maximized at HTC temperature
of 260 ◦C for all the PMS. Although PMS sludges showed two-staged thermal degradation during
pyrolysis, the thermograms revealed that hydrochars produced from different PMS possess different
degradation severity. While, primary and secondary mix sludges show lower solid mass yields at
lower HTC temperatures, the deinked primary sludge shows a higher solid mass yield at similar HTC
conditions. Moreover, primary and secondary sludge samples showed anomalies in thermograms
between themselves. The combustion indices indicate that hydrochar produced from paper mill
sludges have lower ignition temperatures and higher burnout temperatures than raw bituminous coal.
However, co-firing with coal and hydrochar showed higher ignition temperatures and lower burnout
temperatures. Moreover, most of the hydrochars, specifically hydrochars from primary and secondary
sludge, have shown very similar combustion thermograms to coal. In addition, by considering the
ash content in the feedstocks and their hydrochars, PSS2 could be a suitable co-fired option in existing
coal-fired power plants.
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Abstract: Co-Hydrothermal Carbonization (Co-HTC) is a thermochemical process, where coal and
biomass were treated simultaneously in subcritical water, resulting in bulk-homogenous hydrochar
that is carbon-rich and a hydrophobic solid fuel with combustion characteristics like coal. In this study,
technoeconomic analysis of Co-HTC was performed for a scaled-up Co-HTC plant that produces fuel
for 110 MWe coal-fired power plant using Clarion coal #4a and miscanthus as starting feedstocks.
With precise mass and energy balance of the Co-HTC process, sizing of individual equipment was
conducted based on various systems equations. Cost of electricity was calculated from estimated
capital, manufacturing, and operating and maintenance costs. The breakeven selling price of Co-HTC
hydrochar was $117 per ton for a 110 MWe. Sensitivity analysis indicates that this breakeven selling
price could be as low as $106 per ton for a higher capacity plant. Besides plant size, the price of solid
fuel is sensitive to the feedstock costs and hydrochar yield.

Keywords: coal; biomass; hydrochar; process economics; sensitivity analysis; cost of electricity

1. Introduction

Coal dependence has led to significant air pollution as the combustion of coal releases various air
pollutants (trace metals, chlorine, greenhouse gases etc.) that are hazardous and toxic to the surrounding
life and environment. In 2016, U.S. coal combustion accounted for 26.3% of the CO2 produced from
fossil fuel combustion and contributed to nearly 69% (CO2 equivalent basis) of the greenhouse gases
produced from the electrical power generation sector [1]. In the same year, the electrical power sector
also contributed to 43.8% of the total SO2 released, of which 92% was contributed by coal combustion [1].
The mitigation of these pollutants while meeting the electricity demand are essential for keeping up
with the continual growth of the world’s economy as well as maintaining its environmental health.
In the U.S., nearly 261 billion tons of coal are available in recoverable coal reserves (as of 2012) which is
estimated to last for more than 150 years based on an average production rate of 1.5 billion tons per
year [2]. Such resource availability allows for U.S. coal-fired power plants account for approximately
40% of yearly electricity generation (per 2015) while 2040 projections expect total consumption to be
705 million short tons (an approximate energy equivalent of 13.49 quadrillion) [3].

In 2017, biomass was the highest primary energy producer among renewable energies at 45.6%
while accounting for 5.8% of the U.S. total primary energy produced (fossil fuels, nuclear, and
renewables) [4,5]. Biomass utilization as a fuel can minimize greenhouse gas emission as the emitted
carbon dioxide was originally used for plant growth via photosynthesis [4]. Thus, in an attempt to
reduce coal-fired plant emissions in the form of toxic metals, sulfur dioxide, and nitrogen oxides,
co-firing of biomass and coal has been implemented [6,7]. Despite the reduced environmental impacts
from co-firing, significant combustion setbacks are still experienced. Overall energy content is reduced

Energies 2019, 12, 630; doi:10.3390/en12040630 www.mdpi.com/journal/energies85
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due to co-combustion of higher heating value of coal (e.g., 24–30 MJ kg−1) with lower heating value of
biomass (10–22 MJ kg−1) [8–13]. Additionally, coal densities (e.g., 700–900 kg m−3 for bituminous coals)
vary with biomass densities (e.g., 100–600 kg m−3) which can result in density partioning and overall
lack of homogeneity in the coal-biomass mixture [8–13]. Lastly, biomass processing (e.g., milling,
drying, etc.) prior to co-firing are necessary installments that can be costly due high moisture content.
In fact, a 2004 EERE study discussed that minor boiler modifications could be performed for existing
coal plants in order to co-combust with biomass, however, feedstock handling for drying, grinding,
and overall homogeneity would have to be maintained [14].

Hydrothermal carbonization (HTC) has been extensively researched for biomass pretreatment and
low rank coal dewatering [15–19]. HTC uses subcritical water (temperatures 180–260 ◦C) to convert
biomass into a carbon-rich and hydrophobic solid fuel, known as hydrochar. Co-Hydrothermal
Carbonization (Co-HTC) is the simultaneous treatment of two feedstocks in the presence of subcritical
water. Co-HTC can promote the synergistic interaction between the two feedstocks during treatment,
which would not occur when the feedstocks are separately treated (i.e., HTC). Shen et al., demonstrated
de-chlorination could be improved with Co-HTC [20]; as biomass intermediates produced during
treatment provided more phenolic compounds and short chain organic intermediates to react with
chlorine groups in PVC. Zhang et al., showed increased organic and carbon retention rates for the
Co-HTC of sewage sludge and pine sawdust as opposed to the individual HTC of each respective
feedstock [21]. It was hypothesized that Mailard reactions between sawdust sugar derivatives
and sewage sludge protein formed insoluble hydrochar. More applicable to improved co-firing,
Nonaka et al., and Saba et al., evaluated the Co-HTC of biomass-coal blends with varying feedstock
compositions and varying reaction temperature, respectively. Nonaka et al., found that Co-HTC favored
more polymerization reactions and that more thermally stable hydrochars were produced from higher
coal ratios [22]. Furthermore, heating value and chemical characterization did not change notably
with changing feedstock compositions. Meanwhile, Saba et al., observed hydrochar homogeneity and
additional biomass degradation (via mass yield) catalyzed by Co-HTC with coal, resulting in lower
pH media [23]; low pH would then encourage more leaching of inorganic content and sulfur. As
expected, both studies found increased HHV of produced hydrochars than that of the blended and
untreated feedstocks. Overall, hydrochar can potentially serve as a better option for co-firing than
biomass; co-treatment with coal can have significant advantages as well.

HTC energetics have shown to be promising as the heat of reaction was shown to be exothermic
by Funke and Ziegler [24]. For HTC of glucose, cellulose, and wood at 240 ◦C and 6 h heats of reactions
were determined via digital scanning calorimetry to be approximately −1 MJ kg−1 for each feedstock.
Increasing reaction severity through temperature (>310 ◦C) and time (64 h) resulted in a minimum heat
of reaction of −2.4 MJ kg−1 as a result of the production of lower energy products CO2 and H2O [24].
Although consideration for reaction by-products were considered, all carbon losses from experimental
mass balance was assumed to have gone into the gas phase as CO2. These results show potential for
alleviating energy input for a continuous process. In fact, utilization of these results allowed McGaughy
et al., to perform an energy audit on a simplified continuous HTC plant that treats food waste [25].
Energy output to input ratio (EOIR) were 2.95–4.91 depending on HTC reaction temperature.

Although HTC treatment shows promising fuel upgrading and energy savings from decreasing
energy duty for the feedstock drying step, process economics should also be considered for feasibility.
Li et al., performed a techno-economic models for rice husk to fuel conversions via HTC, pyrolysis,
and anaerobic digestion and compared them to the direct combustion of rice husks for heat and
power [26]. With considering operating costs and negligible differences in fixed capital costs, HTC of
rice husks proved to be a more advantageous process compared to the other two as it can have higher
solids loading, lower utilities costs, and lower process water costs. For 1-ton rice husk conversion,
HTC cost per MJ was $0.013 MJ−1 ($153 MWh−1), having 81% and 38% savings compared to fossil
fuel oil costs and direct combustion of rice husks (when not incorporating capital costs into the HTC
costs), respectively. This cost is still 4.5 times more than the cost of Central Appalachian Coal at
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$33.7 MWh−1 [27]. Further heat integration of HTC process liquid can further benefit the process
economics in this study with more temperature optimization of HTC. Additionally, considering capital
costs, maintenance costs, and the time value of money contributes to a more accurate model for
commercial design.

Lucian et al., did process modeling for the HTC of grape marc and off-specification compost from
raw processing to pelletized hydrochar [28]. Of the various process parameters, process optimization
from their data occurred at the shortest residence time of 1 h (from 1, 3, and 8 h times), a reaction
temperature of 220 ◦C, and a slightly higher dry biomass-to-water treatment ratio of 0.19. Treatment
at 220 ◦C from 180, 220, and 250 ◦C produced a high enough higher heating value (HHV) without
excess energy input, which allowed for enough heat integration and lowered hydrochar drying costs
as samples were more hydrophobic and had lower mass yields. Most electrical costs came from
pelletization and reactor feed pumping, while most thermal costs came from HTC reaction heating.
HTC reaction heating input was significantly larger for lower dry biomass-to-water ratio as there is less
energy efficiency from heating more water content, which is why the higher ratio of 0.19 yielded better
optimization. Overall pellet production cost was $171.1 per ton of hydrochar and overall breakeven
cost was equal to $218 per ton; these costs were considered competitive with the cost of wood pellets
($163.5–218 per ton) but not with coal costs. Co-treatment can remove pelletization costs as coal is not
pelletized for traditional coal firing and heat integration is essential for viability. Shorter retention
times have shown to be effective for hydrochar conversion and can increase revenue by allowing more
product to be produced. To the author’s knowledge, process economics have not been performed for a
Co-HTC system, regardless of the feedstocks treated. Therefore, the main objective of this study is
to evaluate techno-economic viability of Co-HTC of bituminous coal with miscanthus, while taking
into consideration of capital costs and overall operating and maintenance costs over the plant lifetime.
Heat integration will also be taken into consideration to reduce energy costs and to improve overall
plant design.

2. Materials and Methodology

2.1. Co-Hydrothermal Carbonization Experiments

Detailed descriptions of the HTC and Co-HTC materials and methodologies for batch experiments
can be found in a previous publication by Saba et al., [23]. Miscanthus (Miscanthus × giganteus) and
Clarion Coal #4a (bituminous) were used for base case hydrothermal upgrading as well as Co-HTC.
Base case HTC experiments consisted of loading a Parr stirred-batch reactor at 1:10 solids-to-DI water
ratio, heating the contents to 230 ◦C, holding the reaction temperature isothermally for 30 min, and
then cooling the contents down to room temperature with an ice-bath. Average heating time was
20 min to reach 5 ◦C below target temperature, and cooling times were less than 5 min to reach 80 ◦C.
Same process was performed for Co-HTC runs, where a 1:1 miscanthus-to coal-mixing ratio was used.
All products were dried in an oven at 105 ◦C for 24 h. Physio-chemical properties of hydrochars
produced from HTC and Co-HTC experiments are shown in Table 1.
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2.2. Co-Hydrothermal Carbonization Process Overview

A process flow diagram (PFD) representing the Co-HTC system that treats miscanthus and coal
is shown in Figure 1. This treatment includes filtering and drying the solid product that would be
sold to coal fired power plants. In this process, miscanthus and coal are mixed, pressurized, and sent
into a preheater/heat exchanger. Increasing the pressure prior to the pre-heater is necessary to avoid
vaporization of the water. The slurry is pumped again to an outlet pressure of 34.5 bar (500 PSIG) for
reactor operation and major and minor losses that are bound to occur in the system. Next, the slurry is
sent into the reactor, which operates at 230 ◦C and 28.2 bar (410 PSIG) and is treated for a residence
time of 5 min. All the heat exchangers and pumps are assumed to operate at an 80% efficiency in
this model. After the residence time, the upgraded Co-HTC solid product, carbon dioxide gas, and
process liquids are sent through the preheater to recover heat. Excess pressure is utilized to drive the
product stream through a leaf filter; the hydrochar then is assumed to have a 20% moisture content
after filtration [29]. From here, the solid product is sent to dry, where moisture content is brought down
to 11%. This is well within the typical range of moisture content used for coal feeds at pulverized coal
power plants [27]. The solid Co-HTC hydrochar is now ready to be utilized at the power plant. The gas
is vented into the atmosphere and process liquid is sent to a wastewater treatment plant. Miscanthus
feedstock and dried hydrochar will be stored onsite in separate storage tanks.

 

Figure 1. Simplified process flow diagram of Co-Hydrothermal Carbonization (Co-HTC) treatment
used for economic analysis.

2.3. Co-HTC Process Economics

The methodology described below in this subsection is used for economic analysis. An economic
analysis was performed for a scaled-up Co-HTC process to provide solid fuel for power plant
combustion, such as an existing pulverized coal power plant. Capital cost estimations followed study
estimates and preliminary design estimates, summarized by Turton et al., which were approximate
parallels to estimate Class 2 and Class 3 in the Association for the Advancement of Cost Engineering
Cost Classification System recommended practices report [30,31]. Following Turton et al., methodology,
capital is estimated to fall between a −25%/+40% accuracy range. All prices shown have been adjusted
to a 2016 USD standard (CEPCI = 541.7) unless otherwise noted; all prices in $/ton are in dry ton of fuel.

Data obtained from previous batch studies and analyses performed for Co-HTC hydrochars,
produced at 230 ◦C, were applied towards mass and energy balances in order to determine energy
outputs, unit operation electrical requirements, and product produced for combustion. Energy
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demands/outputs, electrical demands, and flow rates were then be used to determine investments
costs (capital, sizing, etc.) and cash flows.

Investment cost and cash flows are used to determine net present value (NPV) of the plant via
Equation (1) [30].

NPV = TCI +
n

∑
k−1

Fk·(1 + i)−k (1)

where TCI is total capital investment, Fk is the annual after-tax cash flow, i is the interest rate, k is
the year being evaluated using a year zero baseline, and n is the total number of years the plant is
operating. NPV is used to find the product selling price for the plant to breakeven; this is done by
setting NPV equal to zero and solving for the price of product. It should also be noted that a positive
NPV indicates plant profit and project feasibility while a negative NPV indicates plant losses.

Capital costs for the plant were determined using the module costing technique [30]. Individual
equipment base costs were calculated via Equation (2) [30].

log(C
◦
p) = K1 + K2· log(A) + K3·(log(A))2 (2)

where, C
◦

p is the base cost of equipment made from carbon steel and designed for ambient pressure.
K1, K2, and K3 are constants found from Turton et al., [30] and are unique for each unit operation. A is
the primary design parameter that is determined via mass balances, energy balances, and respective
equipment design equations. Table 2 the K values for the units in the PFD.

Table 2. Constants used for equipment costs used in process flow diagram.

Model Unit Qty Units of A K1 K2 K3
Cost Modifier

(FBM)

Jacketed Agitated Reaction Chamber 1 m3 4.1052 0.532 −0.0005 4.00
Reciprocating pump (Pre) 1 kW 3.8696 0.3161 0.122 5.66
Reciprocating pump (Post) 1 kW 3.8696 0.3161 0.122 6.51

U-tube heat exchanger 1 m2 4.1884 −0.2503 0.1974 4.59
Leaf filter press 1 m2 3.8187 0.6235 0.0176 1.80

API fixed roof tank (miscanthus storage) 1 m3 4.8509 −0.3973 0.1445 1.00
API fixed roof tank (product storage) 1 m3 4.8509 −0.3973 0.1445 1.00

Once C
◦

p is calculated, it is multiplied by the cost modifier (FBM) to determine the bare module
cost (CBM) of the equipment, as shown in Equation (3). FBM incorporates not only material and
pressure rating modifiers, but also indirect and direct costs for CBM. Direct costs include equipment
cost from the manufacturer and includes various costs ranging from piping and electric costs to labor
costs. Indirect costs account from items such as freight costs, construction overhead, and additional
engineering expenses. The overall fixed capital investment (FCI) is then calculated by summing up
individual bare module costs. FCI also includes general fees, unforeseen costs (i.e., contingency costs),
and supporting site costs (i.e., auxiliary costs). From previous literature, these additional costs are
approximated as 3%, 15%, and 50% of CBM, respectively; FCI is represented by Equation (4) [32].

CBM = C
◦
p·FBM (3)

FCI =
m

∑
j

CBM j + 0.03
m

∑
j

CBM j + 0.15
m

∑
j

CBM j + 0.5
m

∑
j

CBM j (4)

As shown in Equation (5), FCI is added with working capital (WC) in order to determine TCI.
WC is the capital cost associated with the early phases of plant start-up and was approximated by
Equation (6) [32]. It is important to note that the WC investment is not depreciated and is also recovered
in the plant’s cash flow in the final year “n”.
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TCI = FCI + WC (5)

WC = 0.1·(FCI + COL + CRM) (6)

where, COL and CRM are operating labor costs and raw material costs, respectively. Where “raw
materials” are the miscanthus and bituminous coal used for Co-HTC. Fk will be determined by
summing up the after-tax net profit (ANP) and depreciation (d) for the year (k). ANP and Fk are
determined with Equations (7)–(9) [30].

Fk = ANP + d (7)

ANP = NP − t·NP (8)

where NP is the net profit and t is the tax rate. Multiplying NP by t gives the profit/income that is
taxed, so subtracting that quantity from NP itself yields ANP. NP is further defined as,

NP = R − COMd − d (9)

Equation (9) shows that NP is determined by subtracting expenses from revenue (R) which is
represented by the cost of manufacturing (COMd) and d. Equations (7)–(9) are combined to form
Equation (10) [30].

Fk = (R − COMd − d)− t·(R − COMd − d) + d (10)

Equation (10) can then be simplified into Equation (11).

Fk = (R − COMd − d)(1 − t) + d (11)

COMd is calculated with Equation (12) from general plant upkeep costs, COL, utility costs (CU),
CWT, and CRM. General plant maintenance is assumed to be an 18% the cost of the initial FCI.

COMd = 0.18FCI + 2.73COL + 1.23(CU + CWT + CRM) (12)

A multiplier is used for COL in order to also account for administrative, supervisory, or laboratory
costs. The multipliers for utilities, waste treatment, and transportation additionally account for
any fluctuating or indirect costs. COL is sometimes referred to as fixed operating and maintenance
(O&M) costs; CU, CWT, and CRM are sometimes referred to as variable O&M costs. O&M parameters
were summarized in Table 3. R is determined by multiplying the product produced each year by
an estimated product price. The breakeven product is solved for by an incrementally changing the
product price until the object function “NPV = 0” is satisfied through Equation (1). NOL is the base
number of operators per shift and is determined using Equation (13) [30].

NOL =
(

6.29 + 31.7·P2 + 0.23·Nnp

)0.5
(13)

where, P is the total number particulate handling unit operations and Nnp is the total number of
non-particulate handling unit operations. Salary was reported from INL economic analysis and the
COL multiplier allows for calculation of additional costs associated outside operator labor.
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2.4. Cost of Electricity

General economic parameters for determining NPV, capital investments, and cash flows are
presented in Table 4. Most parameters have been assumed through NREL and NETL case study
reports [27,42,44]. CRF is the capital recovery factory (Equation (14) [30]) which is used to calculate
the total cost of electricity (COE). COE provides another parameter for evaluating plant costs and is
calculated using Equations (15)–(18). CRF is used in Equation (15) to convert capital investments over
the plant’s lifetime into an annuity.

CRF =
i(1 + i)n(

(1 + i)n − 1
) (14)

COEC =
CRF·(FCI + WC)

SF·Plant_Capacity
(15)

COEF =
0.18·FCI + 2.76·COL

SF·Plant_Capacity
(16)

COEV =
1.23·(CU + CWT)

SF·Plant_Capacity
(17)

COERM =
1.23·CRM

SF·Plant_Capacity
(18)

where COEC is the capital COE, COEF is the fixed operating COE, COEV is the variable COE, and
COERM is the raw material COE (sometimes referred to as fuel costs in literature). These separate costs
are summed to form Equation (19), modified from literature [45].

COE = COEC + COEF + COEV + COERM (19)

Table 4. Experimental data and flowrates used for overall material and energy balances for equipment design.

Parameters Coal Miscanthus Blend

Plant rating (MWe) 110

Thermal to electric efficiency (%) 35

Reaction temperature (◦C) 230

Coal: Miscanthus solids ratio 1:0 0:1 1:1

Total feed water content (%) 70

Gas production (×10−3 kg/kg solid Feed) 1.25 3.7 4.9

Total process feed (kg hr−1) 131,363 268,025 215,993

Total solid feed (kg hr−1) 39,409 80,407 64,798

Total water feed (kg hr−1) 91,954 187,617 151,195

Produced hydrochar on dry-basis (kg hr−1) 39,015 45,993 43,350

Total process liquid after treatment (kg hr−1) 92,999 221,734 172,326

Process liquid sent to wastewater treatment (kg hr−1) 82,545 210,236 161,488

Moisture dried from post-filter hydrochar (kg hr−1) 4932 5814 5480

2.5. Sensitivity Analysis

Sensitivity analysis was performed for the base case economic model to evaluate changes in the
breakeven selling price. An individual process/economic parameter was changed, while all other
independent process/economic parameters were held constant in order to evaluate the change in
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breakeven selling price. The individual parameter was changed to a lower sensitivity bound (LSB) and
a higher sensitivity bound (HSB) with respect to the base case scenario; resulting breakeven prices
were then plotted on a sensitivity chart (also known as a tornado plot). It should be noted that the
determination of the LSB and HSB are based on previously observed market fluctuations (e.g., utility
costs) or when not available, a general overall change in the parameter was assumed (e.g., FCI).

3. Results and Discussion

3.1. Plant Processing for Coal, Miscanthus, and Blend Hydrothermal Treatment

Hydrothermal processing feed rates were determined for coal, miscanthus, and 50:50 blend by
using a 110 MWe power plant basis, assuming a thermal to electric efficiency of 35%, and applying
experimentally determined batch reactor mass and energy yields at 230 ◦C (Table 4). The water
content for treatment was reduced to 70% as solids to liquids loading is tertiary to process parameters
temperature and residence time; complete feedstock submergence by the liquid phase at reaction
temperature (i.e., volume of the liquid water is greater than the volume of the solid) is necessary for it
to be considered undergoing HTC [46,47]. A miscanthus-only treatment facility would process more
than twice the total feed of coal-only treatment as a result of the low miscanthus mass yield (57.2%)
and the high coal mass yield (nearly 99%). Since the low miscanthus yield requires higher untreated
biomass loading, the amount of water needed for treatment also increases; nearly three times the
process liquid is sent for wastewater treatment at 210,236 kg hr−1 for miscanthus-only treatment than
the coal-only treatment. The total solid feed into the reactor for Co-HTC that would meet the power
requirement was determined to be 64,798 kg hr−1, producing a hydrochar flowrate of 43,350 kg hr−1.
The synergistic interaction during Co-HTC causes the higher production of gas flow at 318 kg hr−1

despite coal-only and miscanthus-only gas flowrates of 49 and 298 kg hr−1, respectively [23]. Co-HTC
process flow conditions and mass balances for the solid, liquid, and gas inputs/outputs were used
to approximate design parameters and equipment sizing, as economics analysis of Co-HTC was the
objective of this study. Only one of each piece of equipment shown in Figure 1 and summarized in
Table 2 was used for material processing and meeting power demand. Sizing, loading, and equipment
quantity were then used to estimate capital costs.

3.2. Estimation of Capital Costs

Table 5 provides the capital cost analysis for the plant using 2016 pricing and CBM and TCI
distribution are presented. The total estimated CBM for the plant is $5.30 million where pumping
accounts for 45.9% of the total costs, followed by the heat exchanger and leaf filter contributing to
~21% of the total cost, each. Lastly, material storage and the reactor system accounted for 5 to 7.5% of
CBM. Material of construction used to calculate part of FBM was SS-316, thus FBM from the material
was standard for comparison among all the equipment other than storage. SS-316 was used for the
material of construction since process conditions are not corrosive enough to require more resistant
and more expensive alloys, such as nickel-based alloys, for construction. Pressure factor contributions
to FBM, however, varied more as the heat exchanger and post-heat exchanger pump operate at higher
operating pressures and temperatures. The leaf filter shared an unexpected higher amount of the
CBM cost compared to the other unit operations. However, the filter is limited by filter area and
using a film thickness of 0.03 m [48] and a clearing rate of 0.25 hr−1, can still only remove so much
of the hydrochar; the lower filtration time is contributed to the hydrophobic nature of the hydrochar.
Meanwhile, FCI, scaled from CBM and WC then contribute to a TCI of $12.27 million. Breakeven cost
will not be significantly affected by TCI since the quantity for each equipment is one. Though only one
unit is used, contingent units are priced for in Equation 4. High manufacturing costs will contribute to
a higher selling price, discussed in the next section as well as in the sensitivity analysis.
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3.3. Estimation of Manufacturing Costs

O&M base costs were determined via costs and parameters provided in Table 5. These base costs
are then multiplied by their respective multipliers to account for indirect costs or miscellaneous costs
(discussed earlier) and are incorporated with FCI upkeep in order to determine yearly manufacturing
costs (shown in Table 5). Total manufacturing costs are $38.93 million per year, the bulk of those costs
arise from purchasing raw materials for upgrading which comes out to $28.67 million per year. FCI
upkeep and waste treatment account for 3–4% of the total manufacturing costs while labor costs and
utilities makeup nearly 9–10% of the cost. The remaining 73% make up the cost of miscanthus and coal
which convert to a cost of $83.9 to produce one ton of hydrochar product. Wirth et al., similarly saw
that biomass supply costs for an HTC plant contributed to 37–59% of costs and was more significant
than the cost of biomass-to-hydrochar conversion [49]. The manufacturing costs associated with raw
materials are expected as purchasing costs for miscanthus and coal are $38 and $53.24 per ton. Total
manufacturing cost is also equivalent to $113.9 per ton of hydrochar, giving initial insight into the
breakeven cost, before solving Equation (1). The selling price of the produced hydrochar must be
greater than $113.9 per ton in order to break even.

3.4. Estimation of Cost of Electricity (COE)

The total COE (Table 5) represents the plant’s first year total cost of energy generation per total
energy supplied annually. As observed with total manufacturing cost itemization, COERM accounts
for most of the total COE. The COE for Co-HTC plant should be compared with the fuel COE from
different power plants presented in NETL techno-economic analyses, rather than the total COE. This is
important as Co-HTC is a means of upgrading waste or low value feedstocks into a combustible fuel,
which will then be burned at a power plant. Thus, the total COE of the Co-HTC plant should only be
compared to COE costs associated with fuel for the power plant in existing literature. The Co-HTC COE
comes out to $46.60 MWh−1 for a plant operating at 110 MWe, whereas the fuel costs for pulverized
coal using subcritical or supercritical boiler technology range from $22.8 to $29.8 MWh−1 (converted
from to $2011 $2016) for plant capacities of 550 MWe [27]. These Co-HTC prices range from 56.4–105 %
more than the base pulverized coal costs at approximately 20% of the net, plant capacity. The original
COE for these coal plants range from $82.0 to $133.5 MWh−1, where fuel costs are second to capital
costs in terms of total makeup.

3.5. Breakeven Price and Sensitivity Analysis

With TCI and total manufacturing costs calculated, breakeven selling price were determined by
setting NPV in Equation (1) equal to zero. Breakeven price for the baseline scenario using parameters
in Tables 3 and 4 was determined to be $117.91 per ton of hydrochar. At $4.49 GJ−1, the price of
Co-HTC hydrochar is 2.30 times more than the average price of bituminous coal ($1.95 GJ−1) and
1.31 times more expensive that the cost of natural gas ($3.42 GJ−1) on an energy content basis. The high
selling price for the hydrochar is in accordance with the high manufacturing costs and COE discussed
earlier as miscanthus and coal purchase cost were $38 and $53.24 per ton of respective feedstock.
Since selling price was impacted significantly by current feedstock prices, the change in selling
price was evaluated by assuming different raw material purchasing costs in a sensitivity analysis.
Additionally, other process parameters were increased and decreased to observe their contribution
to the selling price. Table 6 provides all parameters altered for the sensitivity analysis; the baseline
parameters are presented with the ranging sensitivity values as well as the resulting selling prices.
The percent change in breakeven costs with respect to the baseline breakeven cost can be found in
Figure 2. Hydrochar throughput and raw material prices have a more significant effect on final selling
prices than manufacturing related costs. The latter was previously observed in previous sections, as
breakeven prices can decrease by 14% by lowering feedstock price or can increase by approximately
10%. This variation indicates that co-treatment costs can improve by utilizing cheaper biomass options
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such as waste feedstocks, which have been previously shown to be upgraded via HTC [17]. Similarly,
lower rank coal (e.g., lignite) fuel properties can benefit from HTC treatment [50,51] and can be
purchased at lower costs [35].

Table 6. Parameter ranges for sensitivity analysis used to determine breakeven cost ranges.

Items
Baseline
Scenario

Sensitivity
Range

LSB Breakeven
Cost ($/ton)

HSB Breakeven
Cost ($/ton)

Baseline scenario breakeven price ($/ton) 117.24 - - -
FCI ($ 106) 8.90 8.01–10.23 116.44 118.44

Hydrochar yield (%) 66.9 60–74 130.58 106.1
Hydrochar HHV (MJ·kg−1) 26.1 24–29.5 116.03 119.09

Miscanthus price ($/ton) 38 20–50 100.69 128.27
Coal price ($/ton) 53.24 45.4–66.7 110.00 129.58

Waste treatment ($/ton) 0.74 0.5–2.0 116.14 123.01
Water utilities ($ m−3) 1.12 0.66–2.11 115.27 121.52

Cost of natural gas ($ m−3) 0.132 0.092–0.300 115.85 123.1
Power rating (MWe) 110 55–550 130.85 106.88

 

ΔΔ

Figure 2. Sensitivity analysis showing change in breakeven price of product with respect to baseline
breakeven cost.

Retaining more of the reactor feed as hydrochar lowers breakeven price as there is more product to
sell. If reaction yield is increased by just 4%, breakeven price drops down to $106.10 per ton from the base
case cost of $117.24 per ton. In the same form of price impact, increasing plant production (i.e., increasing
feed flowrate) by increasing power rating demand produces more hydrochar. As expected, this lowers
breakeven price as there is more product to sell. Scaling down power demand to 55 MWe, requires less
hydrochar production for burning and consequently increases the base cost to $130.59 per ton while a
power rating of 550MWe plant decreases the selling price by 9% to $106.88 per ton. Changing power
demand for sensitivity analysis changes other costing parameters (quantity of equipment, equipment
sizing parameters, utility usage, labor, etc.) since reactor throughput increases significantly. Thus,
breakeven price was evaluated for different power demand loads (Figure 3). Breakeven price decreases
with loading capacity, as is expected with economy of scale, and begins to plateau at 220 MWe.
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Figure 3. Breakeven selling price for hydrochar at different power ratings.

Although a power rating of 550 MWe and 55 MWe have similar breakeven costs to hydrochar
yields of 74% and 60%, the impact from hydrochar yield is much more impactful in changing breakeven
costs. The plant production for a power rating of 550 MWe produces 1.71 × 106 tons of hydrochar per
year, while plant production for the 110 MWe load at 74% mass yield produces only 3.78 × 105 tons of
hydrochar per year. Both cases are approximately $107 per ton despite an order of magnitude difference
in production. Even at 300 MWe, where breakeven price in Figure 3 starts to steady, 9.32 × 105 tons of
hydrochar per year are produced. Economy of scale allows for reduced breakeven cost as the plant is
scaled up (observed with power demand), however the increase in equipment capital and increase in
manufacturing cost offsets additional revenue created from increased hydrochar production. Overall,
biomass to coal ratio can be adjusted to produce higher yields and feedstock flowrate can be increased
for more hydrochar processing, however, the latter should not be done where additional equipment
and manufacturing costs increase to the point of counterbalancing the growth in profit.

4. Conclusions

A Co-HTC process producing 43,350 kg hr−1 was designed to deliver fuels for a 110 MWe power
plant using Clarion coal #4a and miscanthus with 50:50 (wt % dry basis) blend. Total capital investment
was estimated at $12.7 million, where pumping was the predominant capital investment followed by
heat exchangers and filtration. Total manufacturing cost is $38.9 million per year and equivalent to
$113.9 per ton of product produced, indicating that the product selling price cannot be lower than this
cost to breakeven. The cost of electricity for making Co-HTC hydrochar is around $46 per MWh-1,
nearly twice the cost of the fuel costs associated with standard coal-fired plants. The breakeven
selling price of the produced hydrochar was $117.24 per ton, where the cost of purchasing feedstocks
for upgrading accounted for most of the breakeven price. Sensitivity analysis showed that power
rating, cost of coal and miscanthus, and hydrochar yield could reduce this breakeven selling price
significantly. Attempting to treat co-treat abundant waste feedstocks and lower ranks coals via HTC
can provide lower breakeven costs as these raw materials can be purchased at cheaper prices and
should be considered for future studies.
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List of Initialisms/Acronyms

SF Streaming factor
MACRS Modified accelerated cost recovery system
ANP After-tax net profit
CBM Bare module cost
COE Cost of electricity
Co-HTC Co-Hydrothermal Carbonization
COL Operating labor costs
COMd Cost of manufacturing without depreciation
CRF Capital recovery factor
CRM Raw material (or fuel) costs
CU Utility cost
CWT Waste treatment cost
d Depreciation
EOIR Energy output to input ratio
FBM Bare module cost modifier
FCI Fixed capital investment
Fk Annual after-tax cash flow
HHV Higher heating value
HSB Higher sensitivity bound
HTC Hydrothermal Carbonization
i Annual interest rate
k Evaluation year
LSB Lower sensitivity bound
NNP Total number of non-particulate handling unit operations
NOL Base number of operators per shift
NP Net profit
NPV Net present value
O&M Operating and maintenance
P Total number particulate handling unit operations
t Tax rate
TCI Total capital investment
WC Working capital
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Abstract: Hydrochar is a very interesting product from agricultural and food production residues.
Unfortunately, severe conditions for complete conversion of lignocellulosic biomass is necessary,
especially compared to the conversion of sugar compounds. The goal of this work is to improve the
conversion of internal carbohydrates by application of a two-steps process, by acid addition and
slightly higher water content. A set of experiments at different temperatures (180, 200, and 220 ◦C),
reaction times (2 and 4 h), and moisture contents (80% and 90%) was performed to characterize the
solid (high heating value (HHV), elemental) and liquid product phase. Afterwards, acid addition for
a catalyzed hydrolysis reaction during hydrothermal carbonization (HTC) and a two-steps reaction
(180 and 220 ◦C) were tested. As expected, a higher temperature leads to higher C content of the
hydrochar and a higher fixed carbon (FC) content. The same effect was found with the addition
of acids at lower temperatures. In the two-steps reaction, a primary hydrolysis step increases the
conversion of internal carbohydrates. Higher water content has no significant effect, except for
increasing the solubility of ash components.

Keywords: hydrothermal carbonization (HTC); brewer’s spent grains (BSG); hydrochar; acid
addition; two-steps carbonization

1. Introduction

The two major conversion pathways to produce energy from lignocellulosic biomass are based on
biological and thermochemical processes [1]. Among the several advantages of thermochemical
processes versus biological ones are that the former have shorter conversion times and higher
robustness, while biological processes require an accurate control using microorganisms. Due to its
versatility and flexibility, thermochemical conversion technologies receive special attention by process
developers. Thermochemical conversions can be divided depending on the feedstock’s characteristics
in dry processes where the feedstock’s moisture content is between 5 wt.% and 10 wt.%, such as
torrefaction, pyrolysis, and gasification; and in wet processes, which focus on feedstock with moisture
content between 60 wt.% and 90 wt.% [2]. These wet processes are hydrothermal carbonization (HTC),
hydrothermal liquefaction (HTL), and hydrothermal gasification (HTG).

This study focuses on the HTC process. HTC is a promising technology for processing wastes and
residues with high moisture content, aiming to produce carbonaceous material [3], called hydrochar
to distinguish it from other carbonaceous materials, such as biochar or coal [4–6]. The operating
temperature range of HTC is from 180 ◦C to 250 ◦C, in order to maximize solid production (66 wt.%
dry basis) [4,7,8] and minimize gas and liquid/solved organic compounds yield [9]. At temperatures
from 250 ◦C to 373 ◦C the process is called HTL, so liquid phase is the main product [10]. If gas phase
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is the desired product phase, usually the temperature has to be increased near to or above the critical
point of water; in this case the process is called HTG or supercritical water gasification (SCWG) [11].

The chemical mechanisms involved during the HTC process involve a sequence of different
reactions. These are essentially hydrolysis, dehydration, decarboxylation, aromatization and
re-condensation reactions [12–15]. As most of them also occur simultaneously, the study of the
process is quite complex. According to Kruse et al. [16], the reactions are divided on two major
pathways. Firstly, the solid-to-solid conversion of original biomass takes place (here, the structure
of the hydrochar has the morphology and structural elements of the initial feedstock). Secondly,
the solvation of the intermediates from converted biomass in the aqueous phase, which is followed
by polymerization [7,17]. This is a simplification, because in the case of biomass both processes occur.
The dominant pathway depends on the structure and composition of biomass (Karayıldırım et al. [17]).

A study carried out by Kambo and Dutta [18] focused on the applications of hydrochars,
depending on their chemical composition, morphological features, and surficial functionalities.
Applications can be energy production by combustion, carbon sequestration and gas adsorbent,
soil amelioration and activated carbon, for example, for air and water cleaning.

In this study, the feedstock processed was brewer’s spent grains (BSG) (dry mass 20–25 wt.%),
which is a by-product of breweries; it is lignocellulose with glucamine-rich proteins [19]. The high
protein content of BSG makes it suitable for animal nutrition (e.g., cattle), although the proteins cannot
be completely assimilated into rumens [20]. Furthermore, the production of BSG is not constant
throughout the year; harvesting cycles can result in overproduction. The presence of proteins reduces
storability by enzymatic hydrolysis, which is a serious environmental problem. Therefore, there is
a real necessity to develop flexible processes that can buffer the BSG quantity. In this context, the
implementation of thermochemical processes such as HTC are considered a promising alternative [21].

Regarding this objective, this study tries to contribute to the knowledge of the HTC process under
different operating conditions, in order to control the product distribution, maximize the energy yield
and evaluate the effect on the main chemical compounds in liquid phase. The final aspect is important
in view of the water treatment technologies needed.

The process was carried out in a batch reactor, where the influence of temperature, residence
time, and moisture content was evaluated. A two-steps HTC process and the addition of an organic
acid (CH3COOH) is also investigated. The two first parameters, temperature and reaction time, have
been considered by several authors [7,22–24], which concluded that product distribution was mainly
affected by operating temperature and that the reaction time does not play a significant role. Usually
the moisture content was not evaluated. Thus, in this paper we studied two different known moisture
contents, three different temperatures, and two reaction times. The different water contents may
influence the hydrolysis or polymerization, in the case of limited solubility.

In order to improve the properties of the hydrochars obtained, the strategy of carrying out the
process in two-steps was studied, which was considered a significant factor according to Fakkaew
et al. [7]. This strategy consists of a first step to enhance the hydrolysis reaction between 170 ◦C and
180 ◦C, and a second step, in which the carbonization reactions take place at a range of 200–220 ◦C.
This implies the maximization of both reaction rates, which have different optimums, leading to an
increase of fixed carbon (FC) content. On the other hand, Ghanim et al. [25] studied the effect of
addition of H2SO4 and CH3COOH. Both had an effect on the removal of ash content; however, H2SO4

also produced an increase of FC content. Obtaining a lower ash content because of the removal of
alkaline and alkaline earth metals (AAEMs) [26] improves the high heating value (HHV) (MJ/kg) of
the hydrochars obtained.

From these prior results the hypothesis was created that two-steps carbonization with a hydrolysis
step and the addition of acids improves hydrochar properties as a fuel. This could avoid the increase of
temperature to get a similar improvement. If hydrolysis is important, the water content may also have
an influence. The aim of this paper is to verify or refute the hypothesis and investigate the influence of
water on the two-steps process.
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2. Materials and Methods

2.1. Feedstock

The biomass feedstock used in this study is BSG, with a moisture content of 78 wt.%, from
Hoepfner Brewery Factory (Karlsruhe, Germany). It was stored at −15◦C until processed. In Table 1
(see method section), the main analytical data to characterize the feedstock are summarized.

Table 1. Characterization of brewer’s spent grains (BSG). db: dry basis.

Parameters Units Values

Dry solid content (105 ◦C) wt.% 3.75
Volatile matter (VM, 950 ◦C) wt.% (db) 76.25

Ash content (750 ◦C) wt.% (db) 4.01
Fixed carbon (FC) content wt.% (db) 16.00

Higher heating value (HHV) MJ kg−1 (db) 22.25
C wt.% (db) 51.27
H wt.% (db) 6.97
N wt.% (db) 4.68
S wt.% (db) 0.29

Hemicellulose content wt.% (db) 43.03
Cellulose content wt.% (db) 23.69

Lignin content wt.% (db) 5.78
Extractives wt.% (db) 15.56

Proteins wt.% (db) 1 29.26
1 Standard method (American Society for Testing and Materials (ASTM) D-5291 [27]) was used to calculate protein
fraction for BSG on a dry basis by multiplying the total nitrogen value by a factor of 6.25.

2.2. Experimental Procedure

HTC experiments were conducted in an autoclave reactor (VA2 stainless steel) with a volume
of 250 mL. To check reproducibility, experiments were performed twice. The feedstock moisture
content selected varied between 80 wt.% and 90 wt.% and the initial moisture was adjusted with
deionized water. The blend of distilled water and feedstock was stirred manually in order to obtain a
homogenous slurry. Then, the reactor was closed and heated inside a gas-chromatography (GC) oven
(Hewlett Packard, GC 5890, Koblenz, Germany) (Figure A1). Three different temperatures (180, 200,
and 220 ◦C) were selected and two reaction times (time applied after preheating time) were established:
2 and 4 h. It is necessary to point out that 1 h is required to reach the desired temperature inside
the reactor. During the experiments, pressure was measured with a digital pressure gauge and the
temperature with a thermocouple. Both were recorded during all processes with a portable data logger
(Endress + Hauser, RSG 30, Nesselwang, Germany). Once the experiment had taken placed, the reactor
was cooled down to room temperature in 30 min with a cold water bucket.

Afterwards, the total gas volume was determined with the water displacement by gas from a
probe full of water. The slurry product from HTC was filtered with a quantitative filter grade 413 VWR®

filter paper (VWR European Cat, Leuven, Germany) placed onto a Buchner settle in a flask bottle and
connected to a vacuum pump. Liquid and solid phases were weighed to calculate yields of different
phases. To remove moisture, the solid phase was dried inside an oven over 24 h at 105 ◦C up to stable
weight. The liquid phase pH was measured by a HACH HQ40d multi equipment and kept in the
fridge at 4 ◦C for further analysis. The solid samples (raw material or hydrochars) were ground into a
range of sizes between 150 μm and 250 μm to facilitate its characterization.

In order to obtain hydrochars with the highest HHV (MJ/kg), which are related with low O/C
and H/C ratios, a two-steps procedure was applied. Two-steps temperature selection was based on
the fact that hydrolysis reactions in the HTC process occur below 180 ◦C and carbonization reactions
are favored at 220 ◦C [7,12]. The first step is a reaction at 180 ◦C for 1 h. Secondly, a 3 h reaction time,
including the time necessary to achieve 220 ◦C, was applied.
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As acids catalyzed the hydrolysis reaction and remove the ash [11], the catalytic effect of acetic
acid in the HTC process was also evaluated. For this objective, experiments with 5 wt.% of acetic acid
were performed.

2.3. Characterization of Biomass and Products

2.3.1. Solid Fraction

• Proximate analysis

Moisture content, volatile matter (VM) and ash content were determined according to the
standards analysis method ASTM D1762-84 [28].

• Elemental analysis

An automatic elemental analyzer EuroEA 3000 Serie (EuroVector S.P.A, Milano, Italy), CHNS-O
equipped with a thermal conductivity detector (TCD) was used to determine the content of C, H, N
and S of initial biomass and solid products (hydrochars). Samples had already been dried in an oven
over 24 h at 105 ◦C to remove moisture content.

• Fiber analysis

Fiber analysis was performed by Fibretherm FT12 (Königswinter, Germany). Samples were dried
at 105 ◦C for 24 h and cooled in a desiccator before analysis. The cellulose, hemicellulose, lignin and
water extractives content of the solid sample was based on Van Soest’s method to calculate neutral
detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) [29].

• Thermogravimetric analysis (TGA)

Hydrochars were ground and sieved to have a particle size smaller than 150–200 μm. The thermal
behavior of hydrochars was analyzed with a Netzsch STA Jupiter 449 F5 thermogravimetric balance
(Ahlden, Germany). The sample size was approximately 20 mg, heated from room temperature to
105 ◦C with a heating rate of 10 K min−1 over 10 min to remove possible moisture from the sample.
After this pretreatment step, the sample was heated to 800 ◦C with a constant heating rate of 10 K min−1

under a constant nitrogen flow of 70 mL min−1.

2.3.2. Liquid Fraction

In order to have a better understanding of changes which occur in the liquid phase after HTC,
the total organic carbon (TOC) was measured along with the concentration of chemical compounds
through high performance liquid chromatography (HPLC).

• TOC

The TOC of liquid samples was determined using a TOC Analyzer 5050A (Shimadzu Scientific
Instruments, Columbia, MD, USA).

• HPLC

The liquid fraction of HTC includes high value molecules (lactic acid, formic acid, acetic acid,
levulinic acid (LA), propionic acid, 5-hydroxymethylfurfural (HMF), and furfural), which were
determined using HPLC (Shimadzu 20AD, Shimadzu, Canby, OR, USA). This is equipped with
a column suitable for organic acids, called Aminex HPX-87H, UV-vis detector (SPD-20A, Shimadzu),
and refractive index detector (RID-10A, Shimadzu). The mobile phase consists of a 4 mM solution of
H2SO4 in water and a flow rate of 0.6 mL min−1. The column temperature was set at 35 ◦C. The time
required for a complete analysis of each sample was 60 min. Filtration was required prior to HPLC
analysis with a 0.2 μm PFTE (VWR International, Radnor, PA, USA). A 10 μL volume of each sample
was injected to determine the concentration of chemical compounds.
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2.3.3. Fuel Analysis

From Table 2 where 80 and 90 wt.% are the initial moisture contents; 180, 200, and 220 ◦C the
temperatures; and 2 and 4 h the reaction times—the fuel analysis was done using the Equations (1)–(5).
The parameters necessary to describe the energy content of hydrochars are higher heating value
(HHV) [30], fuel ratio, hydrochar yield (Hy) and energy densification (Ed). Energy yield (Ey) was
calculated using the following equations:

HHV
(

MJ
kg

)
= 0.3491 × C + 1.1783 × H + 0.1005 × S + 0.1034 × O + 0.0151 × N

+0.0211 × Ash
(1)

Fuel ratio =
FC
VM

(2)

Hy (%) =
mass of dried hydrochars

mass of total dried feedstock
× 100 (3)

Ed =
HHV of dried hydrochars
HHV of dried feedstock

(4)

Ey (%) = Hydrochar yield × Ed (5)

Table 2. Proximate analysis and fuel (see methods for description).

Samples
Proximate Analysis (wt.% Dry Basis)

Fuel Ratio Hy (%) Ey (%) Ed
VM Ash FC

Raw material 77.87 4.30 17.83 0.23 - - -
HTC-80-180-2 74.92 4.29 20.79 0.28 68.00 80.81 1.19
HTC-80-200-2 71.96 4.29 23.75 0.33 64.07 78.09 1.22
HTC-80-220-2 69.03 4.26 26.71 0.39 57.99 76.10 1.31
HTC-80-180-4 72.79 4.18 23.03 0.32 67.52 83.54 1.24
HTC-80-200-4 70.50 4.15 25.35 0.36 63.48 76.60 1.21
HTC-80-220-4 66.17 4.22 29.61 0.45 55.04 72.43 1.32
HTC-90-180-2 74.22 3.39 22.39 0.30 66.17 79.49 1.20
HTC-90-200-2 71.69 3.24 25.07 0.35 62.12 76.84 1.24
HTC-90-220-2 68.04 3.22 28.74 0.42 52.04 69.14 1.33
HTC-90-180-4 73.15 3.12 23.73 0.32 65.26 76.79 1.18
HTC-90-200-4 70.33 3.16 26.50 0.38 60.53 76.21 1.26
HTC-90-220-4 64.86 3.27 31.88 0.49 50.59 66.02 1.31

HTC-80-180/220-4 65.84 4.11 30.05 0.46 67.05 85.51 1.28
HTC-90-180/220-4 65.09 3.12 31.79 0.49 70.30 90.64 1.29
HTC-80-220-acid 61.54 3.67 34.79 0.57 60.36 79.11 1.31
HTC-90-220-acid 59.35 2.81 37.84 0.64 52.56 71.28 1.36

3. Results and Discussion

The results shown in Tables 1–4 are expressed as the average of values obtained with a standard
deviation below 5%. Due to the calibration of the HPLC the results obtained (Table 5) are the average
of the values with a standard deviation below 7%.

3.1. Carbon Balance of Brewer’s Spent Grains during Hydrothermal Carbonization

The characteristics of native BSG were calculated according to Section 2.3.1. The values obtained
are comparable to data reported previously [31,32]. The C content was measured in both solid and
liquid phase; it cannot be measured in gas phase, because the volume was too small.

Equations (6)–(11) were used to have a better overview of the carbon distribution in feedstock
and products:

Mass of carbon in the feedstock solid phase:

m(carbon)feedstock solid = mfeedstock solid × x(carbon)feedstock (6)
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m(carbon)feedstock liquid = mfeedstock liquid × TOC
ρ

(7)

Products equations for the mass of carbon in the solid and liquid phase, respectively:

m(carbon)solid = msolid × x(carbon) solid (8)

m(carbon)liquid = mliquid × TOC
ρ

(9)

Distribution of C into products:

%Csolid =
m(carbon)solid(

m(carbon)solid + m(carbon)liquid

) (10)

%Cliquid =
m(carbon)liquid(

m(carbon)solid + m(carbon)liquid

) (11)

The use of Equations (6)–(11) and experimental results obtained are showed in Table 3. It can
be seen that at the same moisture content but higher temperature, % C content changes and less
carbon is in the solid phase (Figure 1). However, with a 90% moisture content and 4 h reaction
time, it is observed that % C content remains temperature independent in the solid phase (Figure 1).
In general, the increase of the % C content (Figure 1) and the increase of carbon in solid phase is
possible due to the polymerization reactions of the monomers solved of the liquid phase, which are
formed during the hydrolysis [12]. This influence of the hydrolysis reaction was confirmed with a
two-steps reaction, because of the increment of C on the solid phase (90%, 220 ◦C, 4 h). A first step, with
1 h at a low temperature (180 ◦C), enhances hydrolysis reactions and leads to the rupture of the initial
poly-sugars into monomers, which remain in liquid phase [33]. During the second step, consisting
of 3 h reaction time at 220 ◦C, water elimination to furfural-rings occurs. This loss of water is the
“carbonization”, because the content of carbon increases accordingly. These intermediates polymerize
and increase the content of C in the solid phase. However, a certain amount of C remains into liquid
phase (Figure 1) [34].

Table 3. Distribution of C into solid and liquid phase.

Samples Solid wt.% Liquid wt.%

HTC-80-180-2 0.86 0.14
HTC-80-200-2 0.86 0.14
HTC-80-220-2 0.84 0.16
HTC-80-180-4 0.86 0.14
HTC-80-200-4 0.84 0.16
HTC-80-220-4 0.84 0.16
HTC-90-180-2 0.83 0.17
HTC-90-200-2 0.82 0.18
HTC-90-220-2 0.78 0.22
HTC-90-180-4 0.82 0.18
HTC-90-200-4 0.81 0.19
HTC-90-220-4 0.82 0.18

HTC-80-180/220-4 0.85 0.15
HTC-90-180/220-4 0.84 0.16
HTC-80-220-acid 0.71 0.29
HTC-90-220-acid 0.66 0.34
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Figure 1. Distribution of C into solid, liquid and gas phase.

3.2. Characteristics of Hydrochars

Proximate analysis of hydrochars produced under different reaction conditions are showed
in Table 2. The VM content decreases with an increase of temperature and reaction time, with
different possible explanations. One is the enhancement of dehydration and decarboxylation reactions,
increasing the carbon content in the solid from more coal-like material. With increasing severity,
the number of crosslinking reactions increases, leading less low-molecular and therefore less volatile
molecules. On the other hand, less carbon is found in solid phase (Table 2), which could imply the
conversion of VM during HTC into solved compounds in the liquid phase. Both significantly influence
the ignition behavior [35,36]. The comparison between VM content under the same conditions,
but with different feedstock moisture content, showed no significantly higher value with 80% than
with 90% moisture content. In contrast, the FC content of hydrochars increased with temperature and
reaction time, in accord with findings of previous studies [37].

The hydrochar ash content was independent of temperature and reaction time. However,
it decreased with higher moisture content because the same quantity of ash was in contact with
a higher quantity of water. The increase of ash content at 220 ◦C and a 4 h reaction time with moisture
content can be explained by the re-precipitation of some inorganic components [38].

To understand the characteristics of the hydrochars produced, it is necessary to understand the
fuel ratio (Equation (2)). The hydrochars produced at 220 ◦C, with a 4 h reaction time and moisture
content of 80% and 90% contains the highest FC, with 29.61% and 31.88%, respectively, and contains the
lowest VM of 66.17% (at 80% moisture content) and 64.84% (at 90% moisture content). Consequently,
the fuel ratios obtained under these conditions are twice as large as those of the initial feedstock
(Table 2).

The yield to hydrochars (Hy %) at low reaction temperature has the highest values; the low HHV
(MJ/kg) [39] of this hydrochar causes the Ey of all samples to have similar values (Table 2). This is
reported in the literatures [40,41].

The values of Ed obtained were over 1, showing the improvement of energy densification by
HTC [42]. As results using varied moisture contents were similar, a value of 90% moisture content was
chosen to carry out experiments with the two-steps process and varied acid addition. In comparison
with experiments at 180 ◦C, 4 h and 90% moisture content, performing the reaction in two-steps and
incorporating 5% wt. of acid had the effect of reducing the VM content to similar values reached
at 220 ◦C, 4 h and 90% moisture content (Table 3). The two-steps reaction process leads to energy
saving, because it produced the same reduction of VM with less energy consumption to carry out
the HTC process. Acid addition shows a significant importance, as shown by Ghanim et al. [25],
wherein the addition of acetic acid not only reduced ash (%), it also produced an increment of FC (%),
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which implied an increment of fuel ratio and Ey (%). The reason for this is that polymerization, water
elimination and decarboxylation (all reactions) increase the heating value [34,43].

Table 4 summarizes the elemental composition of hydrochars obtained under different operation
conditions. According to Funke et al. [12], the atomic ratios of H/C and O/C decreased due to chemical
defunctionalization (dehydration reaction and decarboxylation). This relationship between O/C and
H/C was plotted as a Van Krevelen diagram (Figure 2). The higher ratios of O/C and H/C, which
belong to the original biomass, are plotted in the upper right corner of the diagram. The increment of
the temperature and reaction time in HTC reduces the ratios until the typical area of lignite is reached,
which is similar to results of others authors [2,18]. The acidification of initial feedstock produced the
lowest ratio of O/C and H/C, which can be explained by the reduction of hydroxyl groups by water
elimination, which also increased the hydrophobicity of the hydrochar [29]. The reduction of the O/C
ratio to half that of the initial biomass is due to the high content of hemicellulose; hemicellulose is
the most reactive part of the feedstock biomass. A study carried out by Wikberg et al. [44] showed
that a decrement of O/C ratio in coffee cake was due to removal of carboxyl groups from biomass
extractives, hemicellulose, and cellulose. Therefore, it can be assumed that oxygen and hydrogen of
the initial biomass migrates as water, mainly to the liquid phase [45].

Table 4. Elemental analysis, O/C and H/C ratios and high heating values (HHV).

Samples
Elemental Analysis (% wt. Dry Basis)

O/C H/C HHV (MJ/kg)
N C H S O

Raw material 4.68 51.27 6.97 0.29 36.52 0.53 1.63 22.28
HTC-80-180-2 4.37 60.32 7.07 0.45 27.80 0.35 1.41 26.48
HTC-80-200-2 4.12 62.02 7.02 0.42 26.42 0.32 1.36 27.16
HTC-80-220-2 4.41 65.81 7.28 0.43 22.07 0.25 1.33 29.24
HTC-80-180-4 4.30 62.89 7.02 0.43 25.36 0.30 1.34 27.57
HTC-80-200-4 4.09 61.19 7.09 0.46 27.17 0.33 1.39 26.89
HTC-80-220-4 4.46 67.08 6.89 0.43 21.14 0.24 1.23 29.32
HTC-90-180-2 3.63 60.18 7.39 0.44 28.36 0.35 1.47 26.76
HTC-90-200-2 3.80 62.29 7.25 0.45 26.21 0.32 1.40 27.56
HTC-90-220-2 3.75 66.55 7.35 0.41 21.94 0.25 1.33 29.60
HTC-90-180-4 3.49 59.96 7.05 0.42 29.07 0.36 1.41 26.22
HTC-90-200-4 3.86 63.54 7.19 0.45 24.96 0.29 1.36 28.05
HTC-90-220-4 4.25 66.60 6.89 0.43 21.83 0.25 1.24 29.08

HTC-80-180/220-4 4.40 64.84 6.97 0.49 23.30 0.27 1.29 28.42
HTC-90-80/220-4 4.37 65.46 6.99 0.53 22.66 0.26 1.28 28.73
HTC-80-220-acid 4.55 67.29 6.71 0.51 20.94 0.23 1.20 29.20
HTC-90-220-acid 4.20 68.67 7.03 0.50 19.60 0.21 1.23 30.22

Figure 2. Van Krevelen diagram for hydrochars versus temperature, residence time and moisture content.
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On the other hand, S (%) was constant across the HTC condition range and N (%) decreased with
higher moisture content of feedstock and higher temperatures. The high protein and hemicellulose
content of BSG (Table 1) has an effect during hydrolysis. Amino acids and amines, as consecutive
products of the hydrolysis of proteins, can react with carbonyl groups. This Maillard reaction starts
at 180 ◦C and leads, for example, to N-heterocycles [46–48]. These heterocycles become part of the
hydrochar. With a higher water content, more N-compounds are solved and not incorporated in the
hydrochar. In addition, at higher temperatures, N-containing functional groups are hydrolyzed [16].

3.3. Thermogravimetric Analysis

The TGA of hydrochars was done for 90% moisture content (regarding feedstock) samples and
4 h of reaction time. The TGA (Figure 3) of hydrochars at 180 ◦C and 220 ◦C are used to compare
hydrochars produced by the one-step procedure with the hydrochars obtained with two-steps reaction
and acid addition. Figure 3 shows the derivative mass loss (DTG) for BSG and hydrochars produced
at 180 ◦C, 220 ◦C, and in the two-steps reaction between 180 ◦C and 220 ◦C and with acid addition
at 220 ◦C. The DTG curves show four characteristic peaks at 251, 287, 350, and 421 ◦C. The peaks
correspond to the three biopolymers of hemicellulose, cellulose and lignin, which built the biomass
structure. The composition of the origin biomass is shown in Table 1 and consists of hemicellulose
(43.03%), cellulose (23.69%), and lignin (5.78%). However, it was mentioned in Section 2.3.1 that
samples were kept at 105 ◦C for 10 min, so moisture peaks and volatile peaks shown in the reviewed
literatures [31,37] at a range of 80 ◦C to 105 ◦C, did not appear.

Figure 3. Hydrochar thermal stability at 90% moisture content during 4 h reaction time.

Raw feedstock has a largest peak at 287 ◦C, which corresponds to hemicellulose decomposition,
because hemicellulose is an amorphous polymer and therefore less thermally stable [49]. In addition,
it makes it more feasible for hydrolysis reactions than the more crystalline cellulose (see below).
Cellulose decomposition has a peak similar to hemicellulose but at a higher temperature [50].

DTG curves of the different hydrochars with the same reaction time but different temperatures
(Figure 3) are similar to those of previous studies [14,51]. The peak of hemicellulose disappearing
agrees with research published by Kruse et al. [51], which explains that the HTC process leads to
degradation of hemicellulose at 180 ◦C. However, there is a shoulder at 251 ◦C as a result of the
decomposition of feedstock during HTC into more reactive compounds than hemicellulose.

In comparison to the DTG of BSG, hydrochars have a small peak at temperatures around 420 ◦C.
This peak is larger at a higher hydrochar formation temperature. Therefore, it can be attributed to
carbonization during HTC leading to short-chained polymers, which are less stable in TGA than the
original biomass [51]. It has to be stated here that polycarbohydrates like hemicellulose, and especially
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cellulose, are stabilized by intermolecular H-bonds, which is not possible in hydrochars. In hydrochars
the necessary OH-groups are missing because of water elimination during HTC. Consequently, smaller
molecules of hydrochar are evaporated at lower temperatures than carbohydrates fixed in a structure
by H-bonds.

The effect of a two-steps reaction and acid addition during HTC on TGA analysis (Figure 3)
shows that both improve the hydrolysis of the initial feedstock. This means that fewer residual
polycarbohydrates and more carbonization products are found. Both treatments produce more thermal
volatile compounds because their peak at a temperature of 251 ◦C is more than the peak for hydrochars
without acid addition or application of the two-steps reaction. Acid addition decreases the peak of
cellulose due to catalytic effect of acids on the hydrolysis of cellulose during the HTC process.

In summary, two effects influence the thermal properties of hydrochar. On one hand,
the temperature increase results in a decrease of the VM content in the hydrochars (Table 2), producing
a thermally stable material with higher HHV (MJ/kg). This is a consequence of stronger crosslinking
and the formation of bonds. On the other hand, less thermal stable compounds are formed. For
hydrochars there occurs a DTG peak at 251 ◦C, which may be related with degradation of parts of
hydrochars with less stable structures, as well as evaporation of organic substances (HMF), created
during HTC. The last DTG peak at 421 ◦C is related with lignin decomposition [52]. In addition,
this peak might be also caused by hydrochar degradation. For hydrochars produced at 180 ◦C and
220 ◦C, the peak is increased. This may be due to the decomposition of less stable intermediate
carbonization products.

3.4. Characteristics of Liquid Phase

The pH values of different HTC liquid phases are shown in Table 5. The liquid phase after HTC
at a temperature of 180 ◦C has a pH of around 4 and increases to pH 4.6 with increasing reaction
temperature and reaction time. It supports the idea that lower temperatures promote hydrolysis
reactions, eliciting the release of organic acids, such as acetic acid. Afterwards, these organic acids
show further reactions at higher temperatures [53,54]. This supports the formation of other compounds,
because hydrolysis is catalyzed by acids. Therefore, the two-steps experiments and acid addition
were performed to support the idea of hydrolysis and consecutive re-polymerization mechanisms.
Two-steps experiments accomplished during this work showed that 1 h at a temperature of 180 ◦C is
not enough to enhance the promotion of organic acids, because the pH of the liquid phase is slightly
lower than for the experiments accomplished at 220 ◦C, during 4 h of reaction time. At a moisture
content of 80% the pH value is 4.53, slightly higher than without acid addition (pH 3.57). The influence
of pH level is shown by the yield to organic chemical molecules in the liquid fraction, mainly lactic
acid, formic acid, acetic acid, levulinic acid (LA), and propionic acid (Table 5) [55]. These acids are
usually found in hydrothermal conversions. Here they are relatively inert molecules, because they
have no, or a low, tendency to polymerize. In addition, the yield of the organic chemical compounds in
the liquid phase is related with the TOC. The highest values of TOC were obtained at low temperatures,
where hydrolysis reactions were promoted but the formation of a solid product by polymerization is
too slow.

Figure 4 shows the yields of the main low molecular weight acids (lactic, formic, acetic,
levulinic, and propionic acid) produced during HTC. Lactic acid can be obtained through conversion
of carbohydrates [56,57] under HTC conditions [57]. The yield trends to increase with the
temperature from 180 ◦C to 220 ◦C. This fact could be to the production of trioses (glycolaldehyde,
diehydroxyacetone and other tautomers) from biomass, which are intermediates produced during
retro-aldol condensation of sugars [58]. The trioses further react to lactic acids. According to
Zan et al. [59], the formation of lactic acid is not affected by the presence of formic acids; however,
in this study (Figure 4a) reflect that higher presence of formic acid is correlated with a lower yields
of lactic acid. At low moisture content and 200 ◦C the highest yield to acetic and propionic acids
were found (Figure 4c,e). It is supposed that acetic acid was produced due to oxidation reaction of
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acetaldehyde. Acetaldehyde was produced via decarbonylation reactions of lactic acid [60]. Lactic acid
is also supposed to be converted by dehydration reaction to acrylic acid. Afterwards, hydrogenation
of acrylic acid produce propionic acid [60]. In sum, these sequences of reactions are very speculative.
Only the primary products can be easily identified.

Table 5. pH and dissolved organic chemical yield in liquid fraction at different process conditions.
HMF: 5-hydroxymethylfurfural and LA: levulinic acid.

Samples pH
Lactic
Acid

Formic
Acid

Acetic
Acid

Propionic
Acid

HMF Furfural LA

HTC-80-180-2 4.00 0.06 0.09 0.10 0.03 0.01 0.01 0.01
HTC-80-200-2 4.38 0.04 0.08 0.11 0.02 0.00 0.00 0.01
HTC-80-220-2 4.53 0.10 0.05 0.09 0.01 0.00 0.00 0.01
HTC-80-180-4 4.16 0.04 0.08 0.10 0.02 0.00 0.00 0.01
HTC-80-200-4 4.53 0.10 0.05 0.11 0.00 0.00 0.00 0.01
HTC-80-220-4 4.53 0.08 0.04 0.10 0.00 0.00 0.00 0.01
HTC-90-180-2 3.91 0.02 0.06 0.05 0.03 0.01 0.02 0.00
HTC-90-200-2 4.42 0.05 0.08 0.08 0.08 0.00 0.00 0.01
HTC-90-220-2 4.56 0.06 0.06 0.07 0.05 0.00 0.00 0.01
HTC-90-180-4 4.04 0.04 0.08 0.07 0.02 0.00 0.00 0.01
HTC-90-200-4 4.59 0.04 0.01 0.05 0.01 0.00 0.00 0.00
HTC-90-220-4 4.66 0.06 0.04 0.10 0.00 0.00 0.00 0.01

HTC-80-180/220-4 4.64 0.08 0.04 0.10 0.10 0.00 0.00 0.01
HTC-90-180/220-4 4.54 0.09 0.05 0.09 0.17 0.00 0.00 0.01
HTC-80-220-acid 3.67 0.07 0.03 106.40 0.15 0.00 0.00 0.02
HTC-90-220-acid 3.57 0.05 0.03 100.52 0.11 0.00 0.00 0.02

  
(a) (b) 

 
(c) (d) 

 

 

(e) 

Figure 4. Yield of (a) formic acid, (b) lactic acid, (c) acetic acid, (d) LA, and (e) propionic acid at
experimental conditions.
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In addition, the production of levulinic acid (LA) (Figure 4d), which is one of the products of the
rehydration of HMF in aqueous media, is observed [61]. Table 5 shows that the addition of acid into
the initial slurry produces higher amounts of levulinic acid. According to Licursi et al. [62], it can be
due to the catalytic effect of acetic acid on the pH-dependent hydrolysis reaction of cellulose in the
initial biomass, which started at temperatures over 200 ◦C. However, it is more likely that it is because
HMF and levulinic acid formation is slightly different. Therefore, the addition of an acid changes the
selectivity to LA. LA is preferred at higher acid concentrations due to the selection of LA increasing
during the HMF decomposition into LA and humins [43].

4. Conclusions

In this study, we examined the behavior of BSG during HTC and the partition of C into solid
and liquid phase under different reaction conditions. These parameters are temperature and reaction
time, as well as moisture content. In the experimental range investigated here, the HTC process itself
is independent of moisture content, that is a new feedstock variable. The ash content decreases in
the case with higher water content. Acid addition produced an increase of carbon distribution to the
liquid. The highest fuel ratio of hydrochars was produced at 220 ◦C, with a 4 h reaction time and acid
addition, and TGA curves showed the complete hydrolysis of the hemicellulose and cellulose. Thus,
this hydrochar can be used as an ecofriendly solid fuel.

Hydrochar products of a two-steps reaction have higher values to Hy (%) than those produced in a
single-step process. The fuel properties of solids are also better than with a single-step reaction.
Therefore, two-steps reactions have an economic benefit and lead to an improvement of solid
product characteristics.

The HPLC analysis of the different HTC conditions shows different small acids. These are
consecutive products of the carbohydrate splitting reactions. They are found because they do not
polymerize to hydrochar, or react only with a very low reaction rate.
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Figure A1. Experimental set up of HTC into gas-chromatography (GC) oven.
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Abstract: To increase resource efficiency, it is necessary to use biogenic residues in the most efficient
and value-enhancing manner. For high water-containing biomass, hydrothermal processes (HTP) are
particularly promising as they require wet conditions for optimal processing anyway. In Germany,
however, HTP have not yet reached the industrial level, although suitable substrates are available
and technological progress has been made in previous years. This study aims to determine why
this is by identifying key factors that need to occur HTP development in Germany until 2030.
By using results of previous analyses within this context (i.e., literature review, SWOT analysis,
expert survey, and focus group workshop) and combining them with the results of an expert
workshop and Delphi-survey executed during this analysis, a comprehensive information basis
on important development factors is created. Fuzzy logic is used to analyze these factors in terms of
interconnections, relevance, and probability of occurrence by 2030. The results show that technological
factors, such as a cost-efficient process water treatment and increased system integration of HTP into
bio-waste and wastewater treatment plants, are given high relevance and probability of occurrence.
The adaptation of the legal framework, for example, the approval of end products from HTP as
standard fuels, has very high relevance but such adaptions are considered relatively unlikely.

Keywords: hydrothermal processes; Germany; fuzzy Delphi method; fuzzy logic cognitive map

1. Introduction

The German government has set a target of reducing the country’s annual greenhouse gas
emissions (GHG) by 50% in 2030 compared to the 1990 level [1]. To achieve this goal, it is necessary to
use scarce resources more sustainably, which also includes a more efficient use of biogenic residues.
However, currently, considerable amounts of biogenic residues and waste are being inefficiently used
or not used in Europe [2,3]. The treatment of wet and sludgy biomass is particularly challenging, as it
requires energy- and cost-intensive pre-treatment processes (e.g., drying, thickening, sanitization) to
become suitable for conventional biomass treatment paths (e.g., pyrolysis) [4]. However, to enhance
resource efficiency by sustainably utilizing residues and therefore, fostering progress towards a circular
and bio-based economy, it is worth striving for value-added use of such materials. This could also
reduce costs (e.g., for more expensive primary materials) and GHG (e.g., by substituting the energetic
use of fossil resources), save scarce natural resources (e.g., by recycling of nutrients like phosphorus
out of the residual flows) and thus promote climate protection [5–8].

For the last few years, hydrothermal processes (HTP) have gained attention as promising
technologies to manage wet biomass. HTP transform wet substrates into gaseous, liquid, or solid
high carbon and energy containing products via thermochemical conversion. The products can be
used for several purposes, like direct use for energy production or as an intermediate for producing
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agricultural and pharmaceutical chemicals [4,9,10]. For optimal operation, HTP need high water
containing substrates, which is why residues like sewage sludge and animal excreta are particularly
suitable [9,11].

Depending on the operational conditions, different HTP types occur. At temperatures between
160 and 250 ◦C, pressure conditions between 10 to 30 bar, and a residence time between 1 to 72 h,
hydrothermal carbonization (HTC) takes place. HTC is a coalification process that converts biomass
into hydro-char [12] to be used for energetic purposes, material applications, and as fertilizer or soil
conditioner [13]. At slightly higher temperatures (180 to 400 ◦C) and pressures (40 to 200 bar) but
lower residence times (10 to 240 min), hydrothermal liquefaction (HTL) occurs. HTL is a process that
transforms biomass into chemicals and bio-oils [14]. The products can be used for energy production
and chemical industry [9]. At supercritical conditions (375 to 500 ◦C, 230 to 400 bar) hydrothermal
gasification (HTG) takes place which usually needs less than 10 min for the reaction. Through HTG
biomass is converted into gaseous materials, especially methane and hydrogen, which are used for
energy and chemical industry [15].

Compared with other generally suitable biomass conversion processes (e.g., torrefaction, pyrolysis,
composting), HTP have some advantages. Compared to torrefaction, for example, HTC products
can achieve a higher energy density, energy yield, and combustion reactivity [16]. Additionally, HTC
can provide economic advantages. For example, a comparative study of HTC, anaerobic digestion,
and composting on the conversion of food waste showed that HTC performs economically best due to
its low residence time and less substrate pre-treatment [17]. Another study showed that the HTL of
algae can be advantageous compared to pyrolysis in terms of conversion yields and energy conversion
rates [18].

At a first glance, HTP seem well suited to the conversion of wet biomass into high carbon
and energy-containing products. Nevertheless, as a trade registry evaluation on HTP companies in
Germany showed, so far, the technology has not prevailed in Germany. Based on this, since 2008, only a
handful of new company foundations have been registered. This is in contrast with the general interest
in these processes, which can be measured in terms of the level of research and technological progress.
For example, according to a recent study, there are currently 15 patents on HTC in Germany [19].
Also, scientific interest in HTP is continuously increasing. According to Kruse and Dahmen [20],
numerous published studies in Scopus since 2009 contain the keywords “supercritical gasification”,
“hydrothermal liquefaction”, and “hydrothermal carbonization”. This ongoing interest indicates that
there is still high potential for HTP to become an innovative biomass conversion path. This has also
been confirmed by international developments. Research activities on HTP are a core issue of the Pacific
Northwest National Laboratories in the U.S., where some pilot plants are also in operation [21–23].
In addition, TerraNova Energy operates a larger HTC plant in China [24] and Ingelia in Spain [25].

Also, key metrics on HTP (e.g., the higher heating value (HHV) of products, the energy and mass
balance of processes, the carbon efficiency, and the specific investment and operating costs) indicate
that there is potential for HTP to be further developed at a large scale. For example, the HHV of
hydro-coal ranges from 24 MJ/kg (median) to 26 MJ/kg (maxima) [25–27]. In terms of the energy
efficiency of HTC (including all energetic losses during the process and without a utilization step)
there is also high variation—between 62 per cent (median) and 77 per cent (maximum) [28–30].

However, optimization of the technological, economic, and ecological features of HTP depends
on many parameters, such as heat recovery, applied catalysts, substrates used and their moisture
content, logistics as well as plant sizes [4]. An example is the connection between HTC plant sizes
and investment costs based on the manufacturers’ information. The specific investment costs tend to
decrease in relation to the capacity of the plants per additional ton of fresh matter biomass input (from
260 EUR/ton for 5000 tons capacity up to 50 EUR/ton for 80,000 tons capacity) [31–34]. So, economies
of scale can be already observed. Further, learning curve and scale effects through more experience
in the operation of plants on an industrial scale are crucial to achieving gradual optimization of
essential parameters. Finally, if the parameters can be optimized, HTP will provide several advantages.
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For example, the HHVs of the final products are generally higher than those of fossil reference
systems [4]. Greenhouse gas savings compared to fossil references may also be significant, depending
on the substrate used, the energy balance, and the subsequent product use [4].

So far, only a few studies have provided information on the future development of HTP in
Germany and Europe as well as the corresponding key factors. A study of the German National
Academy of Science and Engineering analyzed the potential system contributions of HTC and HTL
to the flexibility of a renewable energy system until 2023 in Germany [35]. It was identified that the
approval of HTC coal as a standard fuel and a corresponding fuel standard are of high importance.
Furthermore, they recommended the promotion of nutrient recycling and the development of a
cost-effective process water treatment procedure. They suggested the use of hydro-coal as an energy
carrier, soil additive, and industrial carbon carrier. For HTL it is considered critical that in Germany,
algae, which is a particularly suitable substrate, is largely missing. Nevertheless, they recommend
the support of nutrient recycling and the increase in quality of the liquid product [35]. De Mena
Pardo et al. [19] outlined the necessary factors for the establishment of HTC at the European level,
such as the abolition of the waste status of HTC products from waste biomass. They predicted
that hydro-coal will first become established on the energy markets and, in the long term, will also
occupy material markets. In terms of establishment in the energy sector, however, the “end of the
waste” characterization is crucial. Another recent paper [20] identified the integration of HTP into
bio-refineries as important future development strategy to generate synergies. Furthermore, the whole
value-chain must be addressed, also including stakeholders who have so far only been marginally
involved, like farmers. In a previous paper, we used a SWOT analysis to identify the most important
current barriers and possibilities for HTP in Germany [36]. The results indicated that the technological
readiness of the plant, including the presence of high energy and material efficiency as well as the
presence of a suitable process water treatment procedure are factors of high importance. In addition,
the overall costs for producing the end-product and the competitive nature of sales markets are seen
as important threats. Also, the GHG are of high relevance throughout the process and can be primarily
viewed as an opportunity if HTP can mobilize their potential for emission savings as compared with
fossil reference systems.

However, although HTP has some promising features as a resource efficient conversion technology
for wet biomass, no scaling-up is happening in Germany. Thus, this study aims to identify and
prioritize key development factors for HTP that should occur in Germany by 2030 and points out
their interconnections using a structured expert participation process. Furthermore, the probability
of occurrence of these factors is estimated. This study also aims to provide important information
on barriers that must be dealt with to allow HTP to contribute to climate and resource protection in
the future.

Specifically, we used the Fuzzy Delphi Method (FDM) and Fuzzy Cognitive Mapping (FCM) in
this study. The Delphi method is a forecasting procedure based on the opinions of anonymous experts
collected through a multi-stage survey process. It aims to systematically foster expert consensus about
uncertain developments [37]. A Delphi survey consists of several rounds of interviews. The first
round usually asks for the assessment of uncertain factors and events. The following rounds then ask
the experts to revise or confirm their assessments based on the results of the previous rounds [38].
As this method contains some disadvantages (e.g., relatively low consistency of expert opinions,
high enforcing effort, and sometimes modifications to individual opinions in order to reach consistent
total opinions), we expanded it by using the Fuzzy Delphi Method (FDM) for the final evaluation.
With FDM, expert opinions are integrated with fuzzy numbers based on the cumulative frequency
distribution and fuzzy integrals. Thus, FDM applies triangulation statistics to determine the distance
between the levels of consensus within the expert panel [39]. Furthermore, the FDM needs just a small
survey panel to deliver reliable results—an advantage for studies with a small number of suitable
participants [40]. FCM is a model consisting of nodes that indicate the most relevant factors (in FCM
the term “concepts” is used) of a decisional environment and relationships between them (arcs and
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edges). The analytical background of FCM is based on the structure and function of concept maps,
including graph theory-based analyses of pairwise structural relationships between the model factors.
It is therefore a decision-support tool which originated a combination of fuzzy logic and artificial
neural network theory [41]. It aims to define the important factors relevant to a specific community
and the relationships between them as well as optionally testing scenarios in which these factors are
varied to see how the system might react under a set of possible conditions [42]. An adjacency matrix
A represents the interconnections between model factors. On that basis, the number and directions of
edge relations are transformed into quantitative values between −1 (inhibitory effect) and +1 (positive
effect) [43]. In particular, FCM can be used to model complex systems with high uncertainty and less
available empirical data [44], which, based on our experiences within this working field, is the case for
this study’s topic.

2. Materials and Methods

The key factors were primarily developed based on qualitative and quantitative expert evaluations
and information from relevant literature. Figure 1 gives an overview of the study design.

Figure 1. Study design.

The methodological framework is, in part, similar to the Hybrid Delphi method [45]. However,
it also includes further methodological elements (literature review, impact analysis, fuzzy logic). Based
on a comprehensive literature study [4], a moderated focus group workshop on the success and risk
factors of HTP development in Germany was carried out. The results were validated and underpinned
by a subsequent expert survey. A total of 41 experts, primarily scientists, plant manufacturers and
plant operators from Germany and Switzerland, participated in the workshop. The expert survey
panel consisted of feedstock suppliers, technology developers, technology users, retailers, product
users, policy makers, and researchers from Germany. Within the workshop, the experts were asked
about certain success and risk factors for HTP in Germany that were then collected, categorized,
and discussed. In a subsequent expert survey, the results of the workshop were further validated by
asking about the strengths, weaknesses, opportunities, and threats for HTP development in Germany.
For the detailed procedure and the results of the SWOT analysis, see [36].
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Based on these initial findings, a “long list” of important factors of HTP future development,
their relationships, and interactions was derived through an expert scenario workshop. Six HTP
researchers from the German Biomass Research Centre (DBFZ) participated. The influence analysis
performed in this step served as the basis for the development of a Fuzzy-logic Cognitive Map (FCM),
which provides an overview of all identified factors/concepts and their relationships. To construct
the FCM, however, further expert feedback from the surveys and information from the literature
review were included. In this analysis, we used multiple-valued logic scalar numbers from the discrete
set {−1; −0.5; 0; +0.5; +1} to determine the impact relations (arcs and edges) between FCM nodes
(concepts). The open source web-based application Mental Modeler was used to create the FCM and
identify the factors/concepts importance and connectedness [46].

Based on the results of the expert workshop and the FCM, a questionnaire for a Delphi survey was
compiled and sent to 51 HTP experts via an online survey. The FCM factors/concepts (Appendix A,
Table A1) served as essential inputs for the preparation of the Delphi questionnaire. However, the use
of too many survey items makes cognitive assessments more difficult and thus tends to reduce the
reliability of the results, which is why it was decided to integrate particularly factors/concepts with a
high FCM centrality (cf. Table 1) into the survey. Nevertheless, following feedback received during the
first round of interviews, several items were added to the second questionnaire.

The survey participants were selected based on their expertise. Selection criteria were as follows:
(1) academic or professional recommendations, (2) well-known authors of relevant publications on the
specific subject, (3) stakeholder group representative, and (4) estimated professional experience within
the working field. These criteria were selected based on the suggestion by Stevenson [47] and Hasson
et al. [48] to mainly include experts in the field of study (indicated through criteria 1, 2 and 4) as well
as different stakeholders (criterion 3). The international participants were asked about developments
of HTP in the European context, since they were assumed to have, at best, limited knowledge on the
German situation. However, both the German and the European situations are comparable. Figure 2
gives an overview of the composition of the participants, their expertise, and the nations represented
in the first round of interviews. The relative distribution in the second round of the survey (n = 12)
was very similar.

Two rounds were conducted in this study. Twenty-seven experts participated in the first round
(response rate 1st round: 53%). Of these 27 people, twelve participated in the second round (response
rate 2nd round: 44%). The following item-categories were part of the survey (assessment scales are
explained in the Appendix B, Table A2): (1) relevance of factors for HTP development in Germany by
2030, (2) relevance of risks for HTP development in Germany by 2030, (3) estimated probabilities of
factor occurrence by 2030 and (4) certainty in assessing per item-category.

Besides evaluating with scales, the experts had the opportunity to explain their selection and
assessment in text fields. For both rounds, 22 comments on capacity development, five comments
on success factors, four notices regarding risks, and eleven notes on the development of biomass
utilization rates were provided. By means of qualitative content analysis (i.e., differentiation between
pros and cons, frequencies of keywords, identification of consensus statements) essential statements
were summarized (Appendix C, Table A3). The hints of the first round were also included in the
preparation of the questionnaire for the second round.
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Figure 2. Participants of the first Delphi-survey round.

After the first round, an interim evaluation took place, which showed the degree of agreement in
the expert assessments and the frequency of distributions of the first tendencies by descriptive statistics
(median, standard deviation, interquartile range (IQR)). The questionnaire for the second round of the
survey was adjusted, taking into account the results from round 1. After executing the Delphi survey,
we analyzed the results by using the FDM which consists of the following steps [49]:

1. Determining experts (see previous explanations).
2. Selecting a linguistic scale to be converted into a fuzzy-scale (cf. Appendix B, Table A2).
3. Calculating the difference between the average fuzzy number (m) and each experts’ fuzzy number

(n) per item by using following formula:

d (m̃, ñ) =

√
1
3

[
(m1 − n1)2 + (m2 − n2)2 + (m3 − n3)2

]
(1)

4. Determining the threshold value for consensus/dissent of the expert panel:

In accordance with [38], we chose a threshold of d ≤ 0.2 to make a decision as to whether the
experts had reached consensus on the item. Next to this, the frequency of expert agreement is presented
as the percentage of d ≤ 0.2 per item-category in relation to all items. A value of ≤75% represents
panel consensus.
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5. Defuzzification:

To determine a ranking of the most relevant/probable factors per item-category, it is necessary
to defuzzify the fuzzy values into a crisp-value (Ai). For this, we used the following formula in
accordance with [38]:

Ai =
1
3
(m1 + m2 + m3) (2)

3. Results

3.1. Factors for HTP Development in Germany by 2030 and Their Relations

The development factors and risks were primarily derived on the basis of the expert workshop
and the aforementioned previous SWOT analysis executed by the authors [36]. Above all, the expert
workshop served as the basis for identifying areas of interest. The factors were then further
differentiated and backed up with information from the literature. The whole list of factors is part of
the appendix (Table A1).

The factors were assessed in the expert scenario workshop by means of an impact matrix with
regard to their mutual influences. Based on this, a Fuzzy-logic Cognitive Map (FCM) was constructed.
Figure 3 shows a part of the overall FCM for the relationships of the factor “Regular Fuel Recognition”.

Figure 3. Part of the Fuzzy-logic Cognitive Map (FCM) for the impact of the concept “Regular
Fuel Recognition” on other system concepts (expert knowledge-based FCM created with the Mental
Modeler).

Since FCM is based on graph theory, which provides a wide variety of indices, we can also
make statements about the structure of the system as well as gain information about the functions of
individual factors. Table 1 lists the most relevant metrics for the developed FCM including a short
definition of the indices.
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3.2. Results of the Fuzzy-Delphi Method

Table 2 summarizes the results of consensus or dissent after the second round. For this purpose,
the determined fuzzy values (d) are given, where d ≤ 0.2 is the threshold value. Grey shaded values are
the factors where consensus was reached. In addition, the percentage of expert consensus is specified.
This indicates how many item evaluations of the entire panel in relation to the total items did not
exceed the threshold. Here, a value of at least 75% is the consensus criterion.

Table 2. Results on the fuzzy evaluation regarding expert consensus/dissent after round 2.

No. Thematic Category Consensus/Dissent after Round 2 (n = 12)

dfactor drisk dprobability

Political-legal factors

1 Regular fuel recognition 0.178 0.183 0.204
2 Investment and promotion 0.277 0.241 0.136
3 “End of waste” regulation 0.170 0.221 0.263
4 Product certification 0.153 0.221 0.164
5 Thresholds 0.300 0.239 0.288
6 Approval procedures 0.267 0.239 0.236
7 Product standardization 0.204 0.170 0.136
8 Substrate standardization 0.159 - 0.192
9 Process standardization 0.083 0.265 0.213

Economic factors

10 Sales markets 0.187 0.085 0.181
11 Procurement markets 0.209 0.170 -
12 Substrate availability 0.187 0.186 0.166
13 Disposal costs 0.209 0.293 0.199
14 Material applications 0.226 - 0.235
15 Foreign markets - 0.208 -

Technological factors

16 Process water treatment 0.170 0.204 0.136
17 System integration 1 0.115 - 0.162
18 System integration 2 0.229 - 0.187
19 Nutrient recycling 0.178 - 0.236
20 Learning effects 0.200 0.140 0.200
21 Accidents - 0.265 -

Ecological factor

22 Life cycle performance 0.378 - -

Mean di 0.207 0.205 0.193

Percentage of expert consensus 72% 71% 76%

Table 2 shows that after the second survey round, majority consensus was achieved in at least one
item-category (factors, risks, probabilities). However, for thresholds, approval procedures, material
applications, foreign markets, accidents, and life cycle performance, no consensus was reached at
all. The panel consensus (last row of Table 2) was not reached regarding factors and risks (<75%),
which likely shows that the expert assessments tended to be furthest apart for these item-categories.

However, compared to the first round, the second round showed a significant increase in expert
consensus. The expert consensus rate increased by 28 percentage points in the assessment of the
relevance of the factors, by 19 percentage points in the assessment of the relevance of the risks,
and even, by 33 percentage points in the probability of occurrence estimates between the rounds.
For some items, there were considerable differences. In particular, the relevance of process standards
showed a very strong difference between rounds 1 and 2 (Δd f actor = −80%). This could be due to the
fact that in the second round, experts who regard process standards as equally relevant in particular
were still involved. This reveals one of the weaknesses of the Delphi method, as there is sometimes a
high drop-out rate (in this case 56%) between the rounds that can cause changes in the results due to
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differences in the survey panel, rather than solely due to adjustments based on the previous round’s
results. However, one basic assumption of the Delphi method is that expert consensus increases due
to the adaption of evaluation based on the previous round’s results, which is why we basically also
assumed this for the consensus increase in this study. For the factors/concepts in which a consensus
was reached (grey shaded in Table 2), Table 3 shows the values (Ai) after defuzzification. Based on
this, the items’ fuzzy logic-based relevance/probability can be ranked. Factors/concepts that are not
greyed out in Table 3 were no longer considered in the corresponding categories, as a dissent prevailed
in the expert assessments. We differentiated between:

• A f = defuzzified value for factors

• Ar = defuzzified value for risks
• Ap = defuzzified value for probabilities
• Ac = defuzzified value for certainty in assessment
• Rank f = Rank in relation to other factors

• Rankr = Rank in relation to other risks
• Rankp = Rank in relation to other probabilities

Table 3. Ranking of consensus items in terms of relevance and probabilities after defuzzification.

No.
Factors with Consensus in at Least One

Item-Category
Af Rankf Ar Rankr Ap Rankp

Political-legal factors

1 Regular fuel recognition 8.2 3 5.8 2 n.c. n.c.
2 Investment and promotion n.c. n.c. n.c. n.c. 2.9 9
3 “End of waste” regulation 8.6 2 n.c. n.c. n.c. n.c.
4 Product certification 7.4 5 n.c. n.c. 3.8 8
7 Product standardization n.c. n.c. 5.6 3 3.9 7
8 Substrate standardization 2.6 10 - - 2.0 10
9 Process standardization 2.8 9 n.c. n.c. n.c. n.c.

Economic factors

10 Sales markets 4.6 8 2.8 5 6.1 4
11 Procurement markets n.c. n.c. 4.4 4 - -
12 Substrate availability 5.0 7 2.8 5 6.8 1
13 Disposal costs n.c. n.c. n.c. n.c. 6.2 3

Technological factors

16 Process water treatment 8.0 4 n.c. n.c. 6.8 1
17 System integration 1 9.0 1 - - 6.0 5
18 System integration 2 n.c. n.c. - - 4.6 6
19 Nutrient recycling 8.2 3 - - n.c. n.c.
20 Learning effects 6.4 6 7.4 1 6.4 2

Certainty in the assessment of the item category
according to the experts’ own statements: Ac

6.4 5.6 5.0

“n.c.” = no consensus reached; “-“ = factor was not part of this item-category.

Table 3 shows that the assessments of the relevance of occurrence of a factor (Af) and the risk
of non-occurrence (Ar) are very different. For example, the absence of learning effects (e.g., lack of
reference facilities) is considered to be a significant risk (7.4). However, the relevance of this factor
is also still high (6.4) but only in the midfield relative to other factors. The uncertainty according to
the panelists’ own assessments (Ac) is highest in the probabilities and lowest in the relevance of the
factors. However, the values are close to each other, which is why the assessment certainty of the item
categories is largely the same.

Regarding the relationships between mutually relevant factors and corresponding probabilities
(grey shaded in Table 3), only a few factors show high values (i.e., near to 10) for both. Figure 4
visualizes the relationships.
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Figure 4. Combination of relevance and probability of consensus factors after defuzzification.

Only two factors were considered to be highly relevant and also highly probable. Namely,
the introduction of a cost-effective process water treatment and the integration of HTP into existing
bio-waste and wastewater treatment plants.

4. Discussion

Although HTP has already been shown to have an advantage on some points (e.g., HHV, energy
yields, decreasing specific investment costs while increasing capacity), the analysis showed that there
are several factors related to the development of HTP in Germany that have hindered successful
development so far. Above all, political-legal aspects are strongly inhibiting a scale-up in Germany,
but adaptions in the near future are considered unlikely. This shows that the experts involved
think that the legislator or the political decision-makers have relatively little ambition to promote
the development of HTP more strongly. This is already evident today as some German HTP plant
manufacturers and operators are already focusing on foreign markets (especially China). Nevertheless,
HTP could considerably contribute to the achievement of a bio-based economy by efficiently converting
currently difficult-to-use wet biomasses into valuable products. However, the adaptation of the legal
framework is urgently needed for this. If the national legislator does not take action, an important
step could also be the development of an EU regulation on the end-of-waste status of waste biomass
products, similar to those already introduced for scrap iron, scrap steel, and scrap aluminum as well as
for certain types of glass. One of the reasons for this is that the legal uncertainty for plant operators
and product users is very high, which, in turn, increases transaction costs [55]. Due to the fact that
HTP products cannot be used as standard fuels, the energy market cannot be fully penetrated, which
significantly reduces the product’s market potential. However, there are still many problems at the
technological level. So far, Germany is still a technology leader in the field of HTP (e.g., as indicated
through patents) [19]. Based on results of this analysis, it is politically recommendable to work actively
on measures that ensure that HTP are used economically in Germany and do not become exclusively
an export product as this could cause related companies to relocate their headquarters abroad.

In addition, technological advancements are considered to be relevant drivers and are also estimated
to be relatively likely. Above all, a mature technology for the cost-effective treatment of the process
water is urgently needed to reduce the overall related costs and thus increase the cost-effectiveness
of the process. In addition, an efficient treatment process for polluted water is also needed to aid in
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environmental protection. Potential for promoting the development of HTP is seen particularly in system
integration, for example, into existing bio-waste and waste-water treatment plants (WWTP). The resulting
synergies can, in particular, save logistics costs and directly link the locations of substrate occurrence,
conversion technology and, in some cases, customers. The experts probably regard technological
advances as likely because corresponding research and development is very active. In particular,
cost-effective solutions for the process water treatment are being intensively researched [56–58], which is
why suitable solutions are likely to be expected in this area in the foreseeable future. As an overview,
Table 4 summarizes the main results of this study, i.e., the most crucial barriers and potential for future
HTP development and the spread of technology as well as suggestions for possible measures to reach
the potential benefits for HTP and reduce the barriers to achieving these.

Table 4. Consensual key potential benefits and barriers for HTP development in Germany by 2030 and
potential measures.

Key Development Factor(s) Potential Measure(s) to Reach Potential Benefits or Reduce Barriers

Key potentials

Political-legal

An end-of-waste regulation is being
introduced for HTP products (i.e., products
from bio-waste, sewage sludge etc.), and
HTP energetic products (e.g., hydro-coal)
are recognized as standard fuels.

The European or national legislation has to be adjusted accordingly. This means
that a regulation must be introduced that allows the energetic use of products
from waste biomass. Such a regulation could be very similar to regulations
already being introduced for broken glass and steel scrap.

Technological

Integration of HTP into existing bio-waste
treatment plants and waste-water treatment
plants (WWTP) including nutrient recycling

Research on suitable technological solutions for the most efficient integration of
HTP into such plants must be fostered. Concepts from biorefinery research
could possibly be used as a basis for good solutions. However, relevant
stakeholders, especially plant operators, must be closely involved (e.g.,
with common workshops) to reduce reservations and develop good concepts
together. An important issue for bio-waste plant operators and WWTP
operators could be nutrient recycling as this would provide an additional
economic product (next to HTP products itself), which is highly demanded
(esp. phosphorus [59])

Key barriers

Political-legal

Unambitious politics and obstructive
legislation, i.e., no introduction of “end of
waste” directive or alternative (e.g., product
certification).

Relevant political decision-makers have to be motivated for legislative action.
Scientifically-based policy advise (e.g., Scientific Advisory Boards) could be an
important instrument to motivate decision-makers. To create a suitable
argumentative basis for this, research on the economic and ecological benefits
of HTP is necessary but must also be translated into easily understandable
messages and communicated most efficiently. Next to this, political
decision-makers must be integrated into several activities on HTP to increase
attention on the technology. Best-practice cases (business cases) could also be
useful to show the functioning and advantages of the technology.

Technological

The understanding and knowledge of the
process will not increase considerably
(missing learning effects, for example,
through missing reference
systems/business cases).

To reduce this barrier, investment and promotion activities are especially
important (e.g., by public or private funders and investors). Through this,
larger pilot and demonstration plants can also be developed which may help to
increase the understanding of the processes on larger scales. Such reference
plants are important to give investors an impression of how the technology
works, which, in turn, could generate further investments. Learning effects will
occur if sufficient experience with the operation of larger plants is made.
Business cases can serve as important information basis for new projects.

As mentioned in the introduction, few studies have focused on this issue so far. However,
the results of this study are in line with the findings of the similar ones (e.g., the importance of having
an efficient process water treatment procedure and the approval of HTP products from residues and
waste as standard fuels) which confirms the high importance of the identified key factors. The novel
aspect of this study, however, is that in addition to the relevant literature, extensive expert knowledge
was included and evaluated in a structured manner. In addition, this study initially depicted all
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relevant key factors and did not focus on selected aspects directly at the start of the analysis, which is
why the methodology can be regarded as non-normative. The application of FCM shows, for the
first time, how the individual factors are related. The use of fuzzy logic also takes into account the
bias of qualitative assessments (e.g., due to different participants’ estimations of “important” and
“unimportant”). Although the studies mentioned in the introduction showed very similar results to
this analysis, some only considered individual technologies and not the entire technology platform
(e.g., [19]) or they focused on very specific contexts (e.g., the contribution of HTC and HTL to the
flexibility of a renewable energy system) (e.g., [35]), which is why not all relevant system factors were
considered. The aforementioned studies did not prioritize the potential benefits and barriers to HTP
development like this analysis, but they also classified them into categories and highlighted the high
importance of the already mentioned legal and technological factors. Hence, this study confirms the
entirety of the results of the mentioned studies and substantiates them both in terms of content (expert
knowledge) and by using an alternative methodology (fuzzy logic).

The applied methodology to derive particularly relevant factors, risks, and probabilities of
occurrence is unique in this form. Although other technology assessments have applied the Fuzzy
Delphi method [60], Fuzzy-logic Cognitive Mapping [61], or SWOT analysis [62], they did not use
such a combination. The advantage of this method is the versatile participation format that greatly
increases the objectivity of the results overall, since several correction and feedback loops are part of it.
The combination of workshops and surveys within this study makes it possible for both conduction of
the discourse (workshops) and collection of anonymized content (Delphi survey) to occur. Although
other comparable studies also applied participation as a qualitative methodological element [63],
the particular kind of methodological combination used (cf. Figure 1) has not previously been used in
the literature. The core of information filtering into relevant and probable factors is the Fuzzy Delphi
Method. With a total of 27 experts from different stakeholder groups in the first round, this Delphi
survey achieved a high level of representativeness, since there are very few HTP experts in the study
area anyway. The number of participants is an extremely important factor in achieving meaningful
results, so it is strongly recommended that experts are already mobilized before a study of this type is
begun. Through the use of fuzzy logic, it became possible to bypass some disadvantages of the classical
Delphi method. In particular, the different types of assessment by people on the basis of linguistic
scales can be easily circumvented by fuzzy scales [64]. Another key element of this analysis was the
application of the FCM method. Again, fuzzy logic was used to translate qualitative expert assessments
into a model that represented the overall system of factors. In this study, the mapping was conducted as
part of a workshop with six experts. We preferred a smaller group to ensure discussion and to prevent
over-standardization of the workshop. A standardization of the mapping, for example, via online
formats or targeted queries, would certainly allow a larger number of participants. The creation of
an FCM requires a high level of cognitive performance, but it helps to structure the complexity of a
system to identify feedback loops or so-called “hidden patterns”. Identification of the dependencies of
the factors must be carried out carefully, as this is the central way for the system effect to be identified.
Nevertheless, the results are meaningful as a “scoreboard” and do not guarantee objective accuracy,
as this is not the aim of a qualitative analysis like this one anyway. Looking into the future always
involves high uncertainty and particularly shows ranges and opportunities.

5. Conclusions

In this study, we asked for the reasons why HTP does not yet prevail on a large industrial scale in
Germany. By means of a literature- and expert knowledge-based fuzzy logic analysis, we identified
key factors and prioritized them. The study results show that political and legal adjustments to the
relevant framework conditions as well as technological improvements are seen as very important
for the positive future development of HTP in Germany. This especially includes the key potential
benefits shown in Table 4. These factors are strongly connected to other system components which
shows their high impact on the whole system. The results can serve as important information for
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HTP stakeholders in Germany, especially political decision-makers, entrepreneurs, and researchers.
However, the limitations of the study are that the findings are only valid for the German situation.
Other nations require their own comparative studies. Additionally, the study was highly qualitative
in nature due to the insufficient information and data situation in this field of research. Hence,
some uncertainty remains which is, nevertheless, very common for analyses that deal with future
developments. In the future, the identified factors and interconnections shall serve as a basis for
upcoming scenario case studies focusing on the system and plant levels (also, in part, quantitively).
In this way, we hope to gain even more insight into desirable technological, economic, ecological,
and political-legal developments for HTP by 2030 in Germany.
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Appendix A. List of Relevant System Factors for HTP Development in Germany

The factors are formulated in positive form and thus represent a desired event; the corresponding
negative formulation represents a risk. However, the non-occurrence of a factor is not always
considered as a risk. In addition, risks were identified that do not necessarily represent a development
factor in their inverse effect (accordingly, they are not formulated in positive form). Such factors are
marked with asterisks.

Table A1. “Long list” of factors for HTP development in Germany by 2030.

xi Tagging Factors/Concepts Explanation

Political-legal factors/concepts

1 Regular fuel
recognition

HTP energetic products (e.g., hydro-coal) are recognized as standard fuels. This factor is
strongly connected to the fourth factor as this represents an alternative requirement for the
recognition of HTP products as standard fuels.

2 Investment and
promotion

Investment incentives (e.g., policy support instruments) and/or technology and research
funding programs for HTP are being introduced or, rather, promoted.

3 “End of waste”
regulation

An end-of-waste regulation is being introduced for HTP products (i.e., products from bio-waste,
compost, etc.). Comparable regulations already exist for broken glass and steel scrap.

4 Product certification
Official recognition certificates for HTP products are introduced and issued accordingly by the
competent authorities. This helps to reduce uncertainty in practice in terms of the classification
of HTP products as fuels.

5 Thresholds Thresholds relevant to HTP (e.g., the Federal Immission Control Act) are relaxed as far as
reasonably possible.

6 Approval procedures Approval procedures for new HTP plants are accelerated which might save costs during the
planning and construction phase.

7 Product
standardization

The quality of HTP products is standardized (e.g., fuel standard). This helps to reduce
uncertainties with HTP products and sales markets (e.g., for product users) and enhances
transparency.

8 Substrate
standardization *

The quality of HTP substrates is standardized (e.g., ISO standard). This helps to reduce
uncertainties with HTP procurement markets (e.g., for substrate users) and
enhances transparency.

9 Process
standardization

Process standards are introduced (e.g., ISO standard). This helps to reduce uncertainties for
plant constructers and operators and enhances transparency.
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Table A1. Cont.

xi Tagging Factors/Concepts Explanation

Economic factors/concepts

10 Sales markets
The competition on HTP relevant sales and product markets (e.g., energy carriers, fertilizers,
substitutes for chemical products) decreases. Thus, the relative market share for HTP firms
might be increased.

11 Procurement markets
The competition in HTP relevant procurement markets (e.g., animal excreta, sewage sludge)
decreases. Thus, more usable substrates for HTP might be available, possibly near to the plant
location.

12 Substrate availability

The available and technically usable amount of substrates increases. Thus, in centralized
concepts, plants might be able to handle higher capacities, or in decentralized concepts, more
substrates will be available near to the plant location assuming that substrate availability
increases equally in Germany.

13 Disposal costs
Disposal costs for HTP substrates per mass unit (e.g., ton) are increasing. Thus, revenue for the
disposal of such substrates might also increase which would generate additional income for
HTP plant operators.

14 Material applications *

HTP products are primarily used for material applications (e.g., as fertilizer, functional carbon).
This could result if energy markets remain unprofitable due to legal barriers (missing
recognition as regular fuels). Products for HTP might be primary applied in markets for
bio-based products. However, this factor strongly depends on missing legal adjustments
regarding fuel recognition according to experts’ opinions.

15 Foreign markets **

HTP plant manufacturers and operators concentrate almost exclusively on foreign markets.
This might be a result of missing market demand, an insufficient or rather braking legal
framework, low relative market shares for HTP products in related markets or missing political
incentives and willingness to promote HTP in Germany.

Technological factors/concepts

16 Process water
treatment

A cost-efficient and sustainable solution for process water treatment is being developed and
applied nationwide. This might promote the overall economic (and ecological) performance of
HTP as the process water treatment is currently also a relevant cost (economic) factor that might
make HTP concepts uneconomic.

17 System integration 1 *

HTP plants are increasingly being integrated into bio-waste and wastewater treatment facilities.
Thus, the locations of substrate occurrence and treatment facilities could be integrated optimally,
leading to lower logistic costs. Also, other synergies might be generated, e.g., process water is
treated directly by the wastewater treatment plant on site.

18 System integration 2 * HTP are increasingly being integrated into bio-refineries. This could also generate considerable
synergies (e.g., cascade usage networks).

19 Nutrient recycling *

The nutrient recovery is enhanced. Especially, nutrient recovery from the process water might
be promising as the process water must be treated anyway. Due to political and legal
frameworks (2017 amendment of sewage sludge ordinance) that especially require phosphorus
recovery from sewage sludge, this might be a useful strategy.

20 Learning effects

The process understanding and knowledge increases (learning effects, for example, through
reference systems/business cases). According to the learning curve effect theory, this will
especially reduce the cost per unit of product which is why this is also, in part, an economic
factor [65].

21 Accidents **
Accidents with existing facilities reduce trust in the safety of the technology. This might
especially affect plant operators and society which is why this factor is strongly connected to
social factors.

Ecological factor/concept

22 Life cycle
performance *

Research on climate and resource protection by HTP will be intensified. Results on this will also
successively improve the life cycle performance due to new insights (e.g., the stability of HTC
coal in the soil as CO2 sink). This might especially promote social acceptance of the technology.
However, the life cycle performance is strongly connected to several other factors (e.g., reduced
pollutants in process water after treatment) which is why this factor is just one part of
promoting the life cycle performance.

Social factors/concepts

23 Customer acceptance

Customer acceptance of HTP increases. This might be the result of technological progress,
legal adjustments that promote HTP, higher transparency regarding HTP product quality (e.g.,
end-product customers), substrate quality, and process performance (e.g., customers for
facilities/plant operators).

24 Social acceptance The social acceptance of HTP increases or rather, society regards HTP as a resource efficient
technology for future biomass conversion.

* Factor is not considered as a risk if it not occurs; ** Solely represents a risk.
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Appendix B. Scale Relations

Table A2. Linguistic variables of Delphi survey item-categories and corresponding Likert and
fuzzy scales.

Linguistic Scale Likert Scale Fuzzy Scale

For item categories “relevance of factors” and “relevance of risks”

extremely relevant 5 0.6 0.8 1
very relevant 4 0.4 0.6 0.8

relevant 3 0.2 0.4 0.6
barely relevant 2 0 0.2 0.4

irrelevant 1 0 0 0.2

For item category “probability of factors”

very high 5 0.6 0.8 1
high 4 0.4 0.6 0.8

middle 3 0.2 0.4 0.6
low 2 0 0.2 0.4

very low 1 0 0 0.2

For item category “assessment (un)certainty”

very certain 5 0.6 0.8 1
certain 4 0.4 0.6 0.8

relative certain 3 0.2 0.4 0.6
uncertain 2 0 0.2 0.4

very uncertain 1 0 0 0.2

Appendix C. Expert Statements in the Delphi Survey

Table A3. Summarized comments and hint of experts in the Delphi survey.

Category Key Statements of the Experts

Arguments for a plant
capacity increase

• Capacity will increase for plants that currently only exist on a pilot scale.
• Capacity expansion due to legal adjustments and additional economic

opportunities (e.g., additional revenue from rising carbon allowances due to
an end of waste regulation for bio-coal).

• Easy scalability of the systems due to modular design.
• Learning effects, experience, and technological advances (for example,

process water treatment solutions).
• Scale effects and scale advantages.
• HTC plants must be based on wastewater treatment plants of the size 3–4,

therefore requiring a capacity of 50,000 metric tons biomass input per year.

Arguments against a
plant capacity increase

• For the most relevant fields of HTP application (mainly the disposal sector),
the current capacity is sufficient.

• For wet biomass, only relatively small amounts are meaningful for ecologic
(CO2) and economic (costs) transport, which limits the capacity.

• The plants are used decentral, because substrate availability is crucial. That
limits the capacity.

Notes on relevant
success factors

• HTP must be evaluated holistically to show its potential benefits.
• Regulatory and political measures need to be implemented.

Notes on relevant risk
factors

• Today’s expectations of the technology will be not fulfilled (especially
economically and ecologically).

• The environmental effects are misjudged.
• The pressure of competition is increasing.
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Table A3. Cont.

Category Key Statements of the Experts

Arguments for an
increase in the biomass
utilization rate

• Environmental benefits compared to landfilling and anaerobic digestion
promote HTP deployment, but it has to be backed by legislation
and incentives.

• Growing environmental awareness.

Arguments against an
increase in the biomass
utilization rate

• No significant technological advancements.
• Municipal users do not engage in HTP.
• The spatial distribution of substrates limits their efficient use.
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Abstract: In many countries, sewage sludge is directly used for energy and agricultural purposes
after dewatering or digestion and dewatering. In recent years, there has been a growing interest in
additional upstream hydrothermal carbonization (HTC), which could lead to higher yields in the
energetic and agricultural use. Twelve energetic and agricultural valorization concepts of sewage
sludge are defined and assessed for Germany to investigate whether the integration of HTC will have
a positive effect on the greenhouse gas (GHG) emissions. The study shows that the higher expenses
within the HTC process cannot be compensated by additional energy production and agricultural
yields. However, the optimization of the HTC process chain through integrated sewage sludge
digestion and process water recirculation leads to significant reductions in GHG emissions of the
HTC concepts. Subsequently, nearly the same results can be achieved when compared to the direct
energetic use of sewage sludge; in the agricultural valorization, the optimized HTC concept would
be even the best concept if the direct use of sewage sludge will no longer be permitted in Germany
from 2029/2032. Nevertheless, the agricultural valorization concepts are not generally advantageous
when compared to the energetic valorization concepts, as it is shown for two concepts.

Keywords: hydrothermal carbonization (HTC); life cycle assessment (LCA); sewage sludge; electricity
and heat production; agricultural yield

1. Introduction

Sewage sludge is a by-product of wastewater treatment and it is produced in increasing quantities
worldwide. 1.8 Mio. Mg dry matter of sewage sludge from municipal sewage treatment plants
is produced in Germany, per year. Of this, 59.8 wt% is incinerated in coal-fired power plants and
mono-combustion plants. 40.2 wt% is used in agriculture and landscaping [1]. In the case of energetic
use, electricity and heat are generated, which predominantly substitute fossil energy in the German
electricity and heating mix. Applying sewage sludge in agriculture can replace synthetically produced
mineral fertilizers, which mostly rely on fossil-derived energy. Thus, both applications have the
potential to contribute to climate protection.

For several years, there have been attempts to make sewage sludge treatment more efficient
while using the Hydrothermal Carbonization (HTC) process. HTC is a thermochemical process that
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converts biomass into a solid product (hydrochar) at reaction conditions of 180 to 250 ◦C, 10 to
40 bar, and a pH of 3 to 7. One characteristic of HTC is that the conversion process takes place in
a liquid, aqueous phase [2,3]. This means that wet, biogenic residues, such as biogenic municipal
waste [4–7], fermentation residues [8,9], waste from agriculture and the food industry [10–15], as well
as mechanically dehydrated sewage sludge with a water content of 75 wt% are particularly suitable
as HTC feedstocks [16–18]. Like sewage sludge, hydrochars that are produced during HTC can be
used for energy and agricultural purposes. For energetic use, the fact that hydrochar is easier to
dewater when compared to the untreated sewage sludge is of particular importance. This positive
effect has been extensively studied and it is described in [19–23]. For agricultural use, the hydrochar
incorporation into soil is intended to improve plant growth and thus achieve higher crop yields. The
soil-related use of hydrochar and its impact on plant growth have been described, among others,
in [15,24–34].

In addition, the HTC of residue, waste, and biomass flows, such as green waste [6], olive mill
waste [35], food wastes [36], biomass waste streams [37,38], and algae [39] has already been assessed
several times by means of life cycle assessment (LCA). However, publications on HTC’s LCA of sewage
sludge are scarce. The HTC of bio-wastes, including sewage sludge, was investigated in [40]. Here,
the focus was on energetic utilization in the form of fuel gas and diesel oil. In [41], different sewage
sludge management methods were compared. The hydrothermal pyrolysis is one option investigated.
The integration of HTC into an energetic utilization chain of sewage sludge is investigated in [42].
A comparative life cycle assessment, which includes the use of both sewage sludge and hydrochar, in
energetic as well as agricultural applications, has not yet been conducted, to our knowledge.

In our study, while taking into account the processes of HTC with and without sewage sludge
digestion as well as energetic and agricultural utilization, twelve different valorization concepts of
sewage sludge are examined based on empirical and literature data. The aim is to identify the most
promising concept from a greenhouse gas (GHG) perspective. In addition, it shall be determined
(i) whether the integration of HTC with and without digestion in sewage sludge valorization concepts
is more advantageous when compared to a direct utilization of sewage sludge and (ii) whether an
energetic or an agricultural valorization is more favorable regarding their global warming potential.

2. Materials and Methods

2.1. Concept Definition

Twelve different valorizing concepts of sewage sludge are defined in this study; six with an
agricultural use and six with an energetic use. Since there are sewage treatment plants with and
without digestion of sewage sludge, both of the versions are considered in the concepts. To investigate
whether the hydrothermal carbonization of sewage sludge offers advantages in comparison with direct
agricultural or energetic use (as is mostly the case for Germany), the twelve concepts include both
the direct use of sewage sludge (SS) after dewatering or digestion and dewatering and the use of
hydrothermally carbonized sewage sludge (hydrochar). In the concepts of hydrothermal carbonization,
the HTC process parameters are varied. In the first case (HTC 1), the HTC process runs at 170 ◦C and a
residence time of 2 h, while in the second case (HTC 2), a temperature of 210 ◦C and a residence time
of 10 h are chosen. The key characteristics of the concepts are also summarized in Table 1. Figure 1
shows an overview of the process concepts that were defined.
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Table 1. Key characteristics of twelve valorization concepts investigated.

Process Chain HTC Process Parameters Agricultural Use Energetic Use

SS without sludge digestion - A-SS E-SS
SS with sludge digestion - A-D+SS E-D+SS
HTC 1 without sludge digestion 170 ◦C, 2 h A-HTC 1 E-HTC 1
HTC 2 without sludge digestion 210 ◦C, 10 h A-HTC 2 E-HTC 2
HTC 1 with sludge digestion 170 ◦C, 2 h A-D+HTC 1 E-D+HTC 1
HTC 1 with sludge digestion &
recirculation of process water 170 ◦C, 2 h A-D+HTC 1+RP E-D+HTC 1+RP
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Figure 1. Overview of the valorization concepts investigated.

Since both options, with and without sewage sludge digestion, are considered, and all of the
concepts shall be based on the same input material flow, the system boundary is defined after the
thickener of the sewage treatment plant. The sewage sludge is assumed to leave the static thickener
with a dry matter (DM) content of 5 wt%. The amount of sewage sludge is sized according to the
capacity of an industrial HTC plant, set at 14,000 Mg a−1, with a DM content of 25 wt%. This
corresponds to a DM of 3500 Mg a−1 and thus to a quantity of sewage sludge from a size class 5
municipal sewage plant amounting to approximately 127,500 population equivalents (PEs). Thus, at
DM content of 5 wt%, the amount of sewage sludge after the static thickener is 70,000 Mg a−1.

The A-SS concept corresponds to the direct agricultural use of the non-anaerobically stabilized
sewage sludge from the sewage treatment plant. The sewage sludge entering the system boundary
is dewatered in a centrifuge to a DM content of 25 wt%. The centrate leaves the system boundary
and it is returned to the sewage treatment plant, where it is mechanically, biologically, and chemically
treated. The expenses for the wastewater treatment are included in all of the valorization concepts.
The dewatered sewage sludge is transported to the field and then applied there. The effects of sewage
sludge and hydrochar on plant growth were investigated by the cultivation of mustard (Sinapis alba L.),
winter rye (Secale cereale L.), and corn (Zea mays L.) on a poor sandy site in Brandenburg (Germany).
Starting the field trials with mustard in August 2014, already harvesting winter rye in May 2015 and
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cultivating corn in the summer of 2015, this rotation allowed for the cultivation of three crop species
within only 12 months. The resulting yields leaves the system boundary as a benefit of the agricultural
valorization concepts. Expenses that are required in the field, such as the seeds, pesticides, and diesel
for agricultural machinery, are taken into account in the agricultural concepts. In the case of the
concepts A-HTC 1 and A-HTC 2, a HTC plant is integrated into the process chain after the centrifuge.
The sewage sludge, dewatered to 25 wt% of DM, is hydrothermally carbonized in the HTC plant and
then dewatered in a filter press. The dewatered hydrochar has a DM content of 45.5 wt% (A-HTC 1)
and 54.2 wt% (A-HTC 2), respectively. The filtrate leaves the system boundary with a DM content of
1.8 wt% (particle > 45 μm) and it is returned to the sewage treatment plant, where it is analogously
cleaned to the centrate in the A-SS concept. A natural gas based combined heat and power (CHP)
plant provides the HTC system with the required high-temperature heat and the auxiliary equipment
with electricity. The excess electricity leaves the system boundary as a benefit. It is assumed that the
excess heat cannot be further used. The hydrochar that is produced is transported to the field and
applied to the soil. The two concepts, A-HTC 1 and A-HTC 2, only differ in terms of the parameters
used in the HTC process (cf. Table 1).

In contrast to the concept A-SS, the concept A-D+SS integrates the anaerobic stabilization of the
sewage sludge (digestion of sewage sludge) into the process chain. The incoming sewage sludge is
anaerobically stabilized in the digester. Subsequently, the sewage sludge is dewatered in a centrifuge
to a DM content of 25 wt%. Analogous to A-SS, the centrate is returned to the sewage treatment plant,
where it is cleaned. The anaerobically stabilized and dewatered sewage sludge is transported to the
field and then applied to the soil. Based on the concept A-D+SS, concepts A-D+HTC 1 and A-D+HTC
1+RP are defined. In both concepts, a HTC plant is integrated into the process chain after the centrifuge.
The sewage sludge, dewatered to 25 wt% of DM, is hydrothermally carbonized in the HTC plant
and then dewatered in a filter press. The hydrochar produced is again transported to the field and
then applied to the soil. Both of the concepts differ only in the cleaning of the HTC process water.
In A-D+HTC 1, the HTC process water leaves the system boundary and it is returned to the sewage
treatment plant. In contrast, in A-D+HTC 1+PR the HTC process water is directed to the digester
within the system boundary and anaerobically treated there. Consequently, more digester gas is
produced when compared with the other concepts, including sludge digestion. The concept A-D+HTC
1+PR represents an optimized HTC concept. In the valorization concepts, including the sewage sludge
digestion (A-D-SS, A-D+HTC 1, A-D-HTC 1+PR), the digester gas is fed to a CHP unit in order to
produce heat and electricity. The CHP unit supplies the HTC plant with high-temperature heat and the
digester with low-temperature heat. It is also assumed that the excess heat is not further used at the
site of the sewage treatment plant and it leaves the system boundary as a loss. The electricity from the
CHP unit supplies the electrical equipment. Excess electricity leaves the system boundary as a benefit.

The agricultural concepts are compared with corresponding energetic concepts. In this case, the
sewage sludge or hydrochar are used to generate energy in a mono-combustion plant. According
to [43], a lower heating value (LHV) of 4.5 MJ kg−1 is required for autothermal combustion in the
mono-combustion plant. For this reason, to directly combust the sewage sludge, the sludge has to
be dried thermally in a drier. This is done at the site of the mono-combustion plant, using the heat
supplied from the mono-combustion plant. The condensate leaves the system boundary and then has
to be cleaned. As already mentioned, the wastewater treatment is taken into account in the balancing.
In contrast, the LHV of the hydrochar, which is mechanically dewatered in the filter press, is higher
than 4.5 MJ kg−1. This means that the HTC concepts do not need a thermal drier. In all energetic
valorization concepts, the use of natural gas for the auxiliary firing, the use of an adsorbent (sodium
hydrogen carbonate) for gas purification, and the disposal of the resulting ash are considered within
the GHG assessment. A recycling of phosphorus and heavy metals from ashes is not considered. It is
assumed that the excess heat that is produced from mono-combustion can be further used for other
purposes or processes. Thus, the benefits of the energetic valorization concepts are electricity and
low-temperature heat.
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2.2. Calculation of GHG Emissions

To calculate and compare the GHG emissions of all the valorization concepts investigated, the life
cycle assessment methodology according to the ISO guidelines 14040 and 14044 is applied [44,45]. Due
to its bioenergy context, DIN ISO 13065 is also applied [46].

For this study, only the global warming potential (GWP 100), as expressed in CO2 equivalents,
is calculated as one of many possible environmental impact categories within the LCA framework.
The characterization factors from the International Panel on Climate Change (IPCC) 2007 are used to
convert all potential GHG emissions into the common unit of CO2 equivalents [47]. Assuming that the
sewage sludge consists entirely of biogenic material, the biogenic CO2 emissions that were released
during the combustion of the sewage sludge or hydrochar are considered to be climate-neutral in the
energetic valorization concepts [48,49]. The same applies to the digester gas, which is incinerated in
the CHP unit to provide the energy for the HTC process within the concepts with sludge digestion.
In contrast, the direct carbon dioxide emissions from the combustion of natural gas in the CHP plant
and in the mono-combustion plant (auxiliary firing) are included in the GHG balance.

In all of the valorization concepts, the main benefit is the disposal of sewage sludge. According to
the German Institute for Standardization, the GHG emissions of concepts cannot be directly compared
in order to identify the most favorable valorization concept, since they differ in their additional
benefits (see Table 2) [44–46]. In the agricultural valorization concepts, agricultural yields are achieved,
whereas in the energetic valorization concepts, electricity and heat are produced. This multifunctional
problem can be addressed by means of different approaches [50–55]. In this study, each valorization
concept is compared with its corresponding “substituted” reference system. To create these reference
concepts, reference products, which fulfil the same benefits as the products in the corresponding
valorization concept and may potentially be replaced by them, have to be identified. Within this
substitution methodology, the choice of the “right” replaced production is decisive in fulfilling the
adequate benefit [55,56].

Table 2. Main and additional benefits in the valorization and reference concepts; creation of
equivalent benefits.

Valorization Concepts Reference Concepts

Agricultural Use

Benefit - 70,000 Mg a−1 of sewage sludge disposed
of on the field

- Mustard, rye, corn yield applying sludge
and hydrochar

- Excess electricity in HTC concepts

- 70,000 Mg a−1 of sewage sludge
disposed of via co-combustion

- Adequate mustard, rye, corn yield
through mineral N fertilization

- Electricity and low-temperature heat
from co-combustion

Credits for - Excess electricity from combined heat and
power (CHP) unit at the HTC plant

- Electricity and low-temperature heat
from co-combustion

Energetic Use

Benefit - 70,000 Mg a−1 of sewage sludge disposed
of via mono-combustion

- Electricity and low-temperature heat
from mono-combustion

- Excess electricity in HTC concepts

- 70,000 Mg a−1 of sewage sludge
disposed of via co-combustion

- Adequate generation of electricity and
low-temperature heat via average
power and low-temperature heat
generation mix

- Electricity and low-temperature heat
from co-combustion

Credits for - None; excess electricity from CHP plant is
added as a benefit to electricity production
from mono-combustion

- Electricity and low-temperature heat
from co-combustion
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In this study, the currently predominant conventional production is taken as reference production
(see Table 2). The predominant conventional disposal of sewage sludge is its co-combustion in a power
plant [1]. The expenses of co-combustion, such as dewatering of sewage sludge, ash disposal, and
cleaning of the flue gas are therefore included in all of the reference concepts as adequate disposal of
sewage sludge. During the co-combustion, electricity and heat are generated as an additional benefit
in the reference concepts.

The benefit of the mustard, winter rye, and corn yields achieved in the agricultural valorization
concepts is conventionally produced by mineral N-fertilization in the reference concepts. The electricity
and low-temperature heat that are generated by the mono-combustion in the energy valorization
concepts are assumed to replace the conventional German power and low-temperature generation mix
in the corresponding reference concept.

To ensure that, as required in [44–46,57], the valorization and reference concepts have equivalent
benefits, the products in the reference concepts have to fulfill the same benefits to the same extent and
in the same quality as the products in the valorization concepts, but in a conventional manner. The
substitution method is used to compensate for the differences in the benefits between the valorization
and the reference concepts. Thus, all of the reference concepts get a GHG credit for the amount of
electricity and heat generated by co-combustion (see Table 2). The same applies to the amount of excess
electricity that is generated in the CHP process at the HTC plant in the valorization concepts. In the
energetic valorization concepts, however, this amount of electricity is internally added as a benefit to
the electricity that was generated by mono-combustion.

After creating equal benefits in the valorization and reference concepts, the GHG emissions
are assessed for all concepts. In a next step, the GHG emissions from each valorization concept are
subtracted from those from its corresponding reference concept to calculate the GHG saving that
is associated with the potential substitution of each reference concept. Since all of the valorization
concepts have the same annual input of 70,000 Mg a−1 of sewage sludge, the respective GHG savings,
expressed in absolute figures in tones of CO2 equivalents per year, can be compared and ranked. The
valorization concept potentially causing the highest GHG saving as compared to its corresponding
reference concept is the best concept from a global warming perspective.

2.3. Data and Assumptions

The characteristics of the sewage sludge and the produced hydrochars to be valorized in the
concepts are shown in Table 3. The mass and energy balances for all concepts shown in Figure 1
are calculated within the defined system boundaries. These are listed in Tables 4–7. Efficiencies and
further technical data for the processing units are taken from literature. The electrical efficiency of
the natural gas CHP unit used in the HTC concepts is 38% [58], while that of the digester gas CHP
unit is 30% [59]. Data from the HTC process comes both from the HTC reactor at a large-scale facility
and from literature. The electrical efficiency and the fuel utilization rate of the mono-combustion
are assumed to be 15% and 90%, respectively [60]. The co-combustion within the reference concepts
is assumed to take place with an electrical efficiency of 42% and a fuel utilization rate of 44% [61].
The flows of the ash and flue gas from the mono- and co-combustion are taken from the energetic
modelling of the combustion process.
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Table 3. Characteristics of the sewage sludge and the hydrochars (wf = water free; waf = water and
ash free).

Parameter Unit Sewage Suldge Hydrochar HTC 1 Hydrochar HTC 2

Dry matter wt% 25.0 45.5 54.2
LHV MJ kg−1

wf 11.64 11.63 13.58
Ash content wt%wf 45.9 48.8 51.5
Elemental analysis

C wt%waf 51.8 55.3 63.7
H wt%waf 7.1 7.0 8.0
S wt%waf 1.8 3.8 4.4
N wt%waf 7.5 7.8 6.6

Table 4. Overview of material balances of concepts for agricultural use.

Parameter Unit Without Digestion With Digestion

A-SS A-HTC 1 A-HTC 2 A-D+SS
A-D+

HTC 1
A-D+ HTC 1+

PR

Input

Sewage sludge Mg a−1 70,000 70,000 70,000 70,000 70,000 70,000
Sulfuric acid Mg a−1 - 112 213 - 82 85
Natural gas CHP plant Mg a−1 - 461 494 - - -
Seed Mg a−1 114 60 59 114 60 66
Pesticides Mg a−1 6 3 3 6 3 4
Diesel Mg a−1 87 46 45 87 46 51

Output

Mustard yield Mg a−1 1872 888 793 1869 887 981
Winter rye yield Mg a−1 1804 945 902 1801 944 1044
Corn yield Mg a−1 7380 3657 3847 7369 3652 4040
Centrate Mg a−1 56,045 56,045 56,045 59,009 59,009 65,549
HTC process water Mg a−1 - 9321 10,147 - 6786 -
Exhaust gas CHP plant CO2 * Mg a−1 - 1249 1338 - - -

* Fossil CO2 from the combustion of natural gas in the CHP plant.

Table 5. Overview of material balances of concepts for energetic use.

Parameter Unit Without Digestion With Digestion

E-SS E-HTC 1 E-HTC 2 E-D+SS
E-D+

HTC 1
E-D+ HTC

1+ PR

Input

Sewage sludge Mg a−1 70,000 70,000 70,000 70,000 70,000 70,000
Sulfuric acid Mg a−1 - 112 213 - 82 85
Natural gas CHP plant Mg a−1 - 461 494 - - -
Natural gas auxiliary burner Mg a−1 2 1 1 1 1 1
Adsorbent gas cleaning Mg a−1 223 244 263 136 149 146

Output

Centrate Mg a−1 56,045 56,045 56,045 59,009 59,009 65,549
HTC process water Mg a−1 - 9321 10,147 - 6786 -
Exhaust gas CHP plant CO2 * Mg a−1 - 1249 1338 - - -
Condensate of drier Mg a−1 5169 - - 4714 - -
Exhaust gas from mono-inc. CO2 ** Mg a−1 122 130 140 75 80 79
Ash from mono-incineration Mg a−1 1284 831 876 1209 749 813

* Fossil CO2 from the combustion of natural gas in the CHP plant; ** Fossil CO2 from the combustion of natural gas
in the auxiliary burner of the mono-incineration unit.
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Table 6. Overview of energy balances of concepts for agricultural use.

Parameter Unit Without Digestion With Digestion

A-SS A-HTC 1 A-HTC 2 A-D+SS
A-D+

HTC 1
A-D+ HTC

1+ PR

Input

Sewage sludge MWh a−1 16,235 16,235 16,235 16,235 16,235 16,235
Natural gas MWh a−1 - 6114 6552 - - -
Electricity MWh a−1 121 - - - - -

Output

Electricity MWh a−1 - 1872 1531 1208 966 1154
Low-temp. heat MWh a−1 - - - - - -

Table 7. Overview of energy balances of concepts for energetic use.

Parameter Unit Without Digestion With Digestion

E-SS E-HTC 1 E-HTC 2 E-D+SS
E-D+

HTC 1
E-D+ HTC

1+ PR

Input

Sewage sludge MWh a−1 16,235 16,235 16,235 16,235 16,235 16,235
Natural gas MWh a−1 24 6127 6564 17 9 10
Electricity MWh a−1 121 - - - - -

Output

Electricity MWh a−1 1289 2816 2721 1913 1514 1685
Low-temp. heat MWh a−1 3935 4718 5952 1235 2744 2654

Data regarding inputs to the agricultural valorization concepts, such as seeds, pesticides, diesel,
and the yields of mustard, winter rye, and corn originate from field testings on the sandy marginal trial
site in Brandenburg (Germany). The same field trials also provide the data on the agricultural inputs
that are necessary to achieve equivalent mustard, winter rye, and corn yields via mineral fertilization
in the agricultural reference concepts.

It is assumed that, in the agricultural valorization concepts, the treated sewage sludge and
hydrochar are transported 30 km to the field, while in the energetic valorization concepts, both are
transported 100 km to the mono-combustion plant.

For the GHG assessment, the mass and energy balances of the different valorization concepts
are each transferred to a life-cycle model using the Umberto NXT Universal 7.1.13 software [62]. The
emission data for the auxiliary materials and energy that are listed in the mass and energy balances
come from the ecoinvent database v2.2 and v3.3 [63,64]. The direct and indirect nitrous oxide emissions
resulting from the use of the treated sewage sludge and hydrochar in the field were determined in a
laboratory using 40-day incubation experiments. The direct CO2 emissions from the combustion of the
natural gas in the CHP unit and the mono-combustion unit (auxiliary burner) are taken from our own
balancing of the combustion process.

Creating the reference concepts, conventional co-combustion and conventional cultivation and
energy generation systems are also modelled in Umberto. The emission factor that was used for the
German electricity mix and low-temperature heat mix is sourced from the Gemis database v4.9 [65].
It is 0.61 kg CO2-eq kWh−1 for power generation and 0.08 kg CO2-eq. MJ−1 for the production of
low-temperature heat [65]. These emission factors are also used to determine the credits for the
additional generation of electricity and low-temperature heat.

3. Results

Figures 2 and 3 show clearly that only three agricultural valorization concepts (A-SS, A-D+SS,
and A-D+HTC 1+PR) achieve GHG savings when compared to their corresponding conventional
reference concepts. All other concepts that were investigated potentially emit more GHG emissions
than their corresponding conventional reference concepts. In the concepts of direct valorization of
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sewage sludge (A-SS and A-D+SS), the applied sewage sludge contributes to achieving a relatively
high yield of mustard, winter rye, and corn with low treatment expenses (dewatering or digestion
and dewatering). If this yield is produced via mineral fertilizers as in the corresponding reference
concepts, significantly more GHG are potentially emitted. This is mainly due to the higher GHG
emissions from the production of synthetic nitrogen fertilizer when compared to the simple treatment
of sewage sludge. In the agricultural valorization concepts A-HTC 1, A-HTC 2, and A-D+HTC 1,
where the sewage sludge is converted to hydrochar via HTC, no GHG savings can be achieved as
compared to the conventional reference systems. One reason is that the relatively high expenses of
producing hydrochar in the HTC process cannot be compensated by higher yields when compared to
the production system with conventional mineral fertilization.

Figure 2. Greenhouse gas (GHG) emissions of valorization and reference concepts.

The other reason is that in all reference concepts of the agricultural valorization concepts, the
conventional disposal of 70,000 Mg of sewage sludge (co-combustion in a power plant) is taken into
account, in addition to the conventional production of the specific yield of mustard, rye, and maize.
As well as requiring relatively low expenses, this co-combustion in the coal-fired power plant has an
additional benefit as electricity and heat, which is credited to the reference concepts.

Despite these relatively high credits for the reference concepts, the optimized agricultural
valorization concept, including HTC (A-D+HTC 1+PR), can reduce the GHG emissions when compared
with the other agricultural valorization concept, including HTC (A-HTC 1 and A-HTC 2). When the
process water is recirculated to the digester, additional digester gas is generated, which is used in the
CHP unit instead of the fossil-derived natural gas and it produces a large amount of excess electricity,
which is credited within the GHG balancing. As a result, the GHG emissions from the HTC process
can be significantly reduced. It is even more than climate-neutral. Nevertheless, the GHG savings
from the direct agricultural use of sewage sludge (A-SS, A-D+SS) are higher than from the optimized
HTC concept when compared to their reference concepts.
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Figure 3. GHG savings comparing valorization and reference concepts.

By comparing the agricultural valorization concepts without digestion (A-SS, A-HTC1) and with
digestion (A-D+SS, A-D+HTC1), it becomes clear that the concepts with digestion have potentially
higher GHG saving or lower “additional GHG emissions” (see Figure 3). This is due to the generation
of digester gas in the digester, which replaces the use of natural gas in the CHP unit.

Increasing the process parameters in the HTC process from 170 ◦C to 210 ◦C and from 2 h to 10 h
residence time (A-HTC 2) leads to an increased demand for natural gas in the CHP unit but it does not
adequately increase the yield of mustard, winter rye, and corn. The A-HTC 2 concept thus potentially
causes more GHG emissions when compared to its reference concept than concept A-HTC 1 to its
reference concept.

Figures 2 and 3 also show that all energetic valorization concepts cause more GHG emissions
than their corresponding reference systems. The lowest “additional emissions” are caused by the
concept of direct using the sewage sludge (E-SS), closely followed by the optimized concept with HTC,
process water recirculation, and sewage sludge digestion (E-D+HTC1+PR). Both the concept E-SS and
its corresponding reference system have similar expenses in the treatment of sewage sludge and mono-
or co-combustion. Since the reference concept generates more electricity during co-combustion due to
its higher electrical efficiency when compared with the mono-combustion in the valorization concept,
the higher credit leads to lower GHG emissions in the reference concept. In the energetic valorization
concepts, including HTC, the combustion of higher-grade hydrochar generates more power and
heat as compared to the direct combustion of sewage sludge, but the higher expenses to produce
hydrochar overcompensate for this positive effect. This trend is reduced in the concept E-D+HTC
1+PR. Here, again, recirculating the process water from the HTC process into the digester leads to a
reduction in GHG emissions. However, this cannot compensate for the lower electricity generation
when compared with the corresponding co-combustion in the reference concept. Nevertheless, the
concept E-SS has the lowest additional emissions of all the energetic valorization concepts. In contrast
to agricultural valorization concepts, sewage sludge digestion has no general beneficial effect on
the energetic valorization. The concept E-D+SS has higher additional emissions as compared to its
reference concept than the concept E-SS. Sewage sludge digestion, and thus the use of the digester gas
instead of the natural gas in the CHP unit, reduces the GHG emissions in this valorization concept.
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However, more energy, especially more heat, is generated from sewage sludge without their digestion
in the mono-combustion unit. Analogous to the agricultural valorization concepts, the positive effect
of sewage sludge digestion becomes clear when comparing the concepts E-HTC1 and E-D-HTC1.
The reduced GHG emissions that are due to sewage sludge digestion outweigh the lower energy
production in the mono-combustion.

In contrast to the agricultural valorization concepts, an increased carbonization temperature
and HTC residence time (E-HTC 2) as compared to the E-HTC 1 concept leads to lower additional
emissions, since the higher lower heating value of the hydrochar from the HTC 2 process leads to the
generation of more electricity and heat.

Overall, the agricultural and energetic valorization concepts, including HTC, have no higher
GHG savings when compared to its corresponding reference concepts than the concepts of direct use of
sewage sludge. Within the agricultural valorization concepts, the optimized HTC concept A-D+HTC
1+PR potentially causes significantly less GHG saving than the concepts A-SS and A-D+SS, while,
within the energetic valorization concept, the optimized HTC concept E-D+HTC 1+PR has nearly the
same additional GHG emissions than E-SS as compared to their corresponding reference concepts
(see Figure 3). Sewage sludge digestion, by contrast, has a positive effect on the GHG savings when
compared to the reference concept, with just one exception (E-D+SS). Altogether, the agricultural
valorization concept A-D+SS has the highest GHG saving, followed by A-SS and A-D+HTC 1+PR.
Thus, the concept directly using the sewage sludge for agricultural purposes A-D+SS is the best concept
from the global warming potential perspective. Only regarding the GHG emissions, the concept of
A-D+HTC 1+PR causes the lowest GHG emissions and it is even more than climate-neural.

However, the agricultural valorization concepts are not generally advantageous when compared
to the energetic valorization concepts, as in two cases (A-HTC 1 vs. E-HTC 1 and A-HTC 2 vs. E-HTC 2),
the energetic valorization concepts would potentially emit less additional GHG emissions as compared
to the reference concepts than the agricultural valorization concepts.

4. Discussion

The results show that only three of the agricultural valorization concepts can potentially achieve
GHG savings when compared to their corresponding reference concepts, whereas all of the energetic
valorization concepts emit more GHG emissions than their respective reference concepts. While the
results of the energetic use of sewage sludge base on mass and energy balances that are derived
from literature data and from a HTC reactor at a large-scale facility the mass and energy balances
for the agricultural use are mainly based on data from a three-year test series (see Section 2.3) on
sandy marginal revenue sites in Germany. Thus, the statements on GHG emissions and GHG savings
of the agricultural valorization concepts, as well as the statements on the comparison between the
agricultural and energetic valorization of sewage sludge, can only be transferred to a limited extent.
There is a need for further research to generally determine the agricultural benefits of hydrochar, such
as increases of crop yields or carbon sequestration in the soil over a long period.

The transferability of the results of the energetic valorization concepts is also limited, since they
depend on the specific setting of the HTC process and reference systems defined. The results from [42]
show that the advantageousness of HTC depends on the digester gas yields, the dewatering process
during the HTC, the energy consumption of the HTC plants, and the combustion efficiencies.

In addition, the advantageousness of agricultural valorization reflected in this study is not
reflected in the current German practice of sewage sludge utilization. Currently, more than
half of sewage sludge in Germany is incinerated, and only about on-third is agriculturally used
(see Introduction). One reason for the decline in the agricultural use of sewage sludge in recent years
is that the thresholds for the concentration of cadmium, lead, nickel, and mercury that were permitted
in the sewage sludge became stricter in the German Sewage Sludge and Fertiliser Ordinances [66,67].
Furthermore, the German Fertilizer Application Ordinance limits the application of organic fertilizers,
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including sewage sludge, to the fields [68]. Thus, the operator of sewage treatment plants primarily
focus on energy valorization, which is legally less problematic.

When considering the changing legal regulations, the results of the study can be interpreted in
another way. The German Directive on Reorganization of Sludge Valorization (2017) from 27 September
2017 prescribes the phosphorus recycling for sewage treatment plants (>100,000 PEs) from 2029
and for sewage treatment plants (>50,000 PEs) from 2032, which would no longer be possible via
the direct co-combustion of sewage sludge in power plants, as the ashes would be diluted during
co-combustion [69]. In addition, the direct agricultural use of sewage sludge is prohibited for these
sewage treatment plants. However, sewage treatment plants of <50,000 PEs can still apply sewage
sludge on soil. Thus, when considering the valorization of sewage sludge from sewage treatment
plants >100,000 PEs, the first and second best concept for climate change mitigation cannot be
applied from 2029 on. Assuming that the agricultural application of hydrochar will be allowed,
the agricultural valorization concept A-D+HTC 1+PR is the best concept from a global warming
potential perspective. If the application of hydrochar is also prohibited, the energetic valorization
concepts E-SS and E-D+HTC 1+PR are the best sludge valorization options. However, it has to be
mentioned that, leaving out co-combustion, will change the reference concepts and thus the GHG
savings when compared to the reference.

In addition to the aspects that were investigated in this study, a number of other factors may also
play a role in the decision on the integration of HTC into the concepts of valorization of sewage sludge.
Some possible co-benefits of HTC are worth mentioning here, such as the degradation of organic
pollutants, the removal of pathogens and helminths in the sewage sludge, and carbon sequestration in
the soil, as well as the production costs that are associated with the valorization of sewage sludge.

5. Conclusions

The study shows that no fundamental advantage over concepts of direct agricultural and energetic
valorization of sewage sludge regarding their global warming potential under the German condition
are offered by integrating HTC into sewage sludge valorization concepts. The higher expenses within
the HTC process cannot be compensated by additional agricultural yields and energy production.
Only an optimization of the HTC process with integrated sewage sludge digestion and recirculation
of the HTC process water enables comparable results. Altogether, the concept in which the sewage
sludge is applied on the field after a relatively simple treatment of dewatering and digestion is the
one with the highest GHG saving, and thus the most favorable concept regarding its impact on global
warming. When the new requirements for valorizing sewage sludge come into effect from 2029 and
2032, neither direct agricultural use nor the direct co-combustion of sewage sludge from larger sewage
treatment plants will be possible any longer in Germany. Thus, the best way to valorize sewage
sludge would be to integrate a digestion of sewage sludge, as well as an optimized HTC process into
the agricultural valorization concepts. Nevertheless, the agricultural valorization concepts are not
generally advantageous when compared to the energetic valorization concepts, as it is shown for
two concepts.
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