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ARTICLE INFO ABSTRACT

Keywords: This work aims to improve the synthesis of renewable hydrochar (HC) co-fired with coal to reduce grenhouse gas
Catalytic hydrothermal carbonization (GHG) emission. Acetic acid catalyzed hydrothermal carbonization (cHTC) of Chlorella vulgaris microalgae
H.ydroclchar biomass was investigated based on a 33! fractional statistical design of the experiment to examine the effects of
gi)oiiureing hydrothermal reaction temperature (T = 180-220 °C), biomass-to-suspension- (BSR = 5-25 wt.%), and catalyst-

to-suspension (CSR = 0-10 wt.%) ratios on process performance indicators. Analysis of variance was used to
assess the experimental data. The results show that the application of homogeneous catalyst improves the fuel
ratio and energy recovery efficiency up to 0.38 and 36.3%. Ex-ante cradle-to-gate life cycle assessment was
performed to evaluate the impacts of co-firing ratio (CFR) and hydrochar quality on multi-perspective mid-, and
endpoint environmental indicators. The highest decarbonization potential (—1.54 kg CO2eq kWh™1) is achieved
using catalytic hydrochar biofuel produced at 195 °C, 25 wt.% BSR, and 8 wt.% CSR levels. The application of
catalytic and autocatalytic hydrochar blends improves the overall environmental impacts and greenhouse gas
footprint of solid fuel firing facilitating the transition toward low-carbon emission power generation.

GHG footprint
Life cycle assessment

pyrolysis) require the prior drying of the wet biomass, decreasing the
overall process efficiency and increasing operational costs. To overcome
this bottleneck hydrothermal — high pressure and temperature — tech-
nologies [6] can be applied utilizing the excess water content of the
feedstock as a reagent and solvent at the same time and increasing the
energy conversion efficiency [7].

In terms of air pollution and attributed climate hazards, there is an
urging demand for replacing coal-fired plants with renewable energy
[8,9]. The transition towards climate-neutrality requires a variety of
steps on different fronts, including the altering of existing fossil energy
infrastructure. Coal blending is a frequently used technique to improve
energy decentralization, environmental and technical properties of solid
fuel firing. Major blending types include (i) coal-coal [10], (ii) coal-
biomass [11] and (iii) coal-opportunity fuel [12] mixtures. The coal-
coal blending is often used to reduce sulfur content, control the
amount of inorganic constituents and moderate the reactivity of the total
supply of fossil fuel. However, this latter type of blending does not
mitigate the environmental effects of fossil fuels. Biomass co-firing has

1. Introduction

The fast-growing population, increasing global energy needs and
climate change call for effective carbon dioxide removal (CDR) tech-
nologies that can contribute to shift energy production toward carbon
neutrality [1]. Bioenergy with carbon capture and utilization (BECCU)
offers a large-scale exploitable solution to (1) neutralize anthropogenic
COo, (2) transform it into low-carbon synthetic fuels and materials and
(3) to strengthen energy security [2].

Microalgae biomass are promising BECCU organisms characterized
by high biodiversity, robust photosynthetic activity (with an approxi-
mate solar energy conversion efficiency of 9-10% [3]), and biomass
productivity [4]. Microalgae can be cultivated in closed photo-
bioreactors and open raceway-pond systems with high CO; biofixation
rate, however, the downstream processing of cells is limited because of
the dilute suspensions derived from the fermentation phase [5]. Con-
ventional thermochemical conversion technologies (e.g., torrefaction,
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Nomenclature

ANOVA Analysis of variance

ASTM  American Society for Testing Materials
BECCU Bioenergy with carbon capture and utilization
BSR Biomass-to-suspension ratio (wt.%)

c Latent heat of vaporization (MJ kgfl)

CcC Carbon content (wt.%)

CDR Carbon dioxide removal

CFR Co-Firing Ratio (%)

CFPP Coal-Fired Power Plant

CHC Carbohydrate content (wt.%)
CHP Combined Heat and Power

cHTC Catalytic hydrothermal carbonization
cHTP Carcinogenic human toxicity potential
Cp Specific heat (MJ kg’1 K

Cv Chlorella vulgaris

Cy Heat of evaporation of water (MJ kg*l)
CSR Catalyst-to-suspension ratio (wt.%)

df Degree of freedom (-)

DW Dry weight (kg)

ED Energy densification (-)

F Fischer’s variance ratio (-)

FC Fixed carbon (wt.%)

FR Fuel ratio (-)

GHG Greenhouse gas

GWP Global warming potential (kg CO5,cq)
HC Hydrochar

HCo Hard coal

HHV Higher heating value (MJ kg™1)

HTC Hydrothermal carbonization
HTG Hydrothermal gasification
HTL Hydrothermal liquefaction
L Linear

LC Lipid content (wt.%)

LCA Life cycle assessment

LCI Life cycle inventory

m Mass (kg)

MA Microalgae

NER Net energy ratio (-)

PC Protein content (wt.%)
PM Particulate matter

PW Process water

Q Quadratic

Qinput Input energy (MJ)

Qoutput Output energy (MJ)

Ruwind Share of wind energy in the applied energy mix (%)
SS Sum of squares

T Temperature (°C)

TOC Total organic carbon (mg L)

VM Volatile matter (wt.%)

w Water

Xcrr Solid fuel-to-power efficiency (-)
Yac Biogas yield (mol kg™%)

Yuc Hydrochar yield (%)

Ng Electric efficiency (-)

NER Energy recovery efficiency (-)

Nrcr Fixed carbon recovery efficiency (-)

more advantages over coal-coal firing since bio-based blends are abun-
dant and renewable, the geographical energy decentralization can be
improved and it opens an opportunity to reduce the greenhouse gas
(GHG) emission of conventional processes [13]. On the other hand, the
key challenges that arise during the utilization of biomass are: the (1)
high moisture content of raw materials, (2) low energy density, (3) high
volatile matter content, (4) presence of contaminants and heterogeneity
(5) poor grindability, stability and hydrophilic behaviour [14]. Biochar
has gained high attention as a renewable blending material because it
enhances combustion quality [15] and the mitigation of attributed
environmental impacts [16]. Yang et al. [17] investigated biomass co-
firing plants and found that near zero emission can be achieved with
25% biomass co-firing if the plant structure involves carbon capture and
storage units following the combustion process. Zhang et al. [18] studied
hydrochar (HC) - anthracite co-combustion and found that HC can
improve the combustion performance by decreasing the activation en-
ergy of combustion reactions. Sztancs et al. [19] showed that hydrochars
are suitable blending components in co-hydrothermal gasification pro-
cess to increase biogas yield and carbon conversion ratio.
Hydrothermal carbonization (HTC) is a promising thermochemical
method enabling the transformation of high moisture containing feed-
stocks into solid biofuels (a.k.a., hydrochar) at mild subcritical reaction
condition (180-250 °C, <100 bar) [20]. Huang et al. [21] showed that
the hydrothermal carbonization of biomass can improve fuel properties
by densifying the energy content of the feedstock and increasing its
hydrophobicity and grindability. Studies focusing on noncatalytic hy-
drothermal conversion examined the role of independent process vari-
ables (e.g., temperature, pressure, biomass-to-suspension ratio,
residence time, heating rate, pH) on product yields and characteristics in
the cases of lignocellulosic [22], coniferous biomass [23], sewage sludge
[24] and also microalgae feedstocks (e.g., Chlorella vulgaris [25] and
Spirulina platensis [26]). Temperature and pressure proved to be

important parameters influencing the physical properties of water sol-
vent and the fragmentation of biomass bonds [27]. It was expressed that
the biomass-to-suspension ratio (BSR) could intensify the hydrolysis at
lower factor levels raising the calorific value but reducing achievable
hydrochar yield [28].

The pH of the reaction medium decreases during the sub-critical
hydrothermal conversion as a result of in situ acid formation (e.g., for-
mic acid, acetic acid, lactic acid and levulinic acid) [29]. The acidic
compounds act as autocatalysts advancing the decomposition of bio-
macromolecules, the hydrolysis, decarboxylation and the formation of
HCs [30]. Additionally, the increased concentration of H™and OH™ and
ionic strength advance thermochemical reaction rates [31]. The utili-
zation of acid (HCl, CH3COOH) or alkali catalysts (NaOH, KOH, NayCOs,
K2CO3) can also improve product quality (e.g., pore structure, adsorp-
tive capacity, specific surface area) [32].

The application of renewable biofuels as blending components is a
promising way to decrease the negative environmental effects of con-
ventional energy vectors in the short run, and beneficially use existing
infrastructure to do so. Benavente et al. [33] performed life cycle
assessment (LCA) to compare the environmental impacts - including
global warming potential (GWP), human toxicity, terrestrial, freshwater
and marine eutrophication - of olive mill waste upgrading via biological
and thermochemical processes (including hydrothermal carbonization,
aerobic composting, anaerobic digestion and incineration). It was found
that low-carbon operation could be achieved by applying hydrothermal
conversion and combustion of hydrochar solid fuels. However, HC
production had high impact on freshwater eutrophication and fresh-
water ecotoxicity due to the formation of process water (PW). Tradler
et al. [34] found that the total organic carbon concentration of PW can
be decreased by 90% applying UV radiation treatment in order to
comply with existing regulations. It was highlighted that PW contains
acidic compounds that could be recirculated to the HTC process as
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catalysts. Process water also contains biogenic elements that could be
reused in the microalgae cultivation to decrease additional micro-
nutrients demands [35]. Owsianiak et al. [36] examined the environ-
mental impacts of the hydrothermal carbonization process with four
different feedstock raw materials: green waste, food waste, organic
fraction of municipal solid waste and digestate. It was determined that
replacing hard coal briquettes with hydrochars derived from green
waste associated with a cumulated —0.54 kg CO2,eq kg~! emission rate.
Reimann et al. [37] found that the global warming potential of hydro-
thermal carbonization is lower compared to conventional technologies
when the raw materials are part of the biogenic cycle (e.g., biomass
residues) but stated the need for complex life cycle evaluations
regarding hydrothermal processes.

In the present study, the (i) hydrothermal valorization of microalgae
biomass, (ii) greenhouse gas footprints of catalytic hydrothermal
carbonization and (iii) the environmental impacts of solid fuel co-firing
are investigated. Thermocatalytic measurements were carried out based
on a fractional factorial design of the experiment and evaluated using
analysis of variance in order to (1) determine the effects of reaction
parameters on process performance indicators, to (2) supply missing
data for early-stage multi-perspective life cycle assessment and to (3)
assist in making the trade-off between achievable combustion quality
and product yield based on environmental criteria. The acetic acid
catalyzed hydrothermal conversion of aquatic microalgae biomass is
found to be a beneficial valorization technique for the production of
high quality renewable solid blending components. The synthesized
hydrochars are characterized by higher stability and energy density
compared to raw biomass indicating effective fossil fuel substitution
potentials. The best acetic acid catalyzed HTC experimental setup and
hydrochar co-firing ratio (CFR) are determined enabling significant
GHG footprint mitigation via co-combustion applications. The cradle-to-
gate environmental damage assessment of co-firing shows that the uti-
lization of catalytic and noncatalytic hydrochar blends contribute to
decrease the climate change potential of conventional power
generation.

2. Materials and methods
2.1. Materials

Chlorella vulgaris (Cv) microalgae strain was used during the exper-
imental phase. The feedstock was purchased from commercial market in
dried form. The proximate and ultimate analyses of Cv are presented in
Table 3. Acetic acid (99.7%) was purchased from Sigma-Aldrich.

2.2. Hydrothermal carbonization

The thermochemical conversion was performed in a 250 mL non-
stirred pressure vessel (Parr Instrument Company, MT-07300). The
reactor was insulated with a rockwool cage and heated by a magnetic
stirring hotplate (Heidolph MR 3003 control) with an average heating
rate of 4.6 °C min~'. 45 min residence time and autogenous pressure
were applied for each experiment. Following the cHTC process, the co-
produced biogas was gathered in a calibrated gas burette. The process
water and the hydrochar were separated with a Hettich Rotina 380 1701
centrifuge at 5000 rpm for 20 min. The solid product was dried in a
drying cabinet at 105 °C for constant weight.

2.3. Product analysis

2.3.1. Proximate analysis

The proximate analysis of Cv and HC samples were performed ac-
cording to the related standards of American Society for Testing Mate-
rials (ASTM). The volatile matter (VM, wt.%, Eq. 1) content was
determined by igniting 1 g of microalgae or dry HC powder at 950 °C for
7 min (ASTM D3175). The ash content (wt.%, Eq. 2) of Cv was
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determined by heating 0.5 g of microalgae powder to 250 °C, igniting
the sample at this temperature level for 30 min, then heating the furnace
to 575 °C and igniting it for 3 h (ASTM E1755). The ash content of HCs
was determined by heating the samples to 750 °C in 2 h then igniting
them for 2 h (ASTM D3174). The measurements were carried out in a
DENKAL 1.4/1000 electric furnace. Fixed carbon (FC, wt.%) content
was calculated based on Eq. (3) according to ASTM D3172:

VM (wt.%) _ Minitial — mrz/\'iduul.loo7 1)
Mipitial
ash (m.%) = Mresidual 10y o)
Minitial
FC (wt.%) = 100 — VM — ash, 3)

where mjpitia is the mass of dry Cv and HC samples before the ignition (g)
and Myesidual iS the mass of Cv and hydrochar samples following the
ignition (g).

2.3.2. Biogas analysis

The composition of HTC biogas was analyzed using a HP5890SI1/
TCD/FID gas chromatography system equipped with a 1.9 m length, 1/
8” OD packed stainless steel column filled with 80/100 mesh Porapak Q
load. The initial temperature of the oven was set to 50 °C and this
temperature was held for 30 s. The temperature was increased by 20 °C
min~" to a final temperature of 150 °C, which was held for 2 min. Argon
was selected as carrier gas with an inlet column head pressure of 150
kPa.

2.3.3. Process water analysis

The total organic carbon (TOC) content and the pH of the co-product
PW were measured using a Shimadzu TOC-VCSN analyzer and Oakton
pH 100 meter.

2.4. Experimental design and statistical analysis

STATISTICA v13.4 software [38] was used for statistical and
graphical evaluations. A 337! fractional factorial design of the experi-
ment was employed to investigate the cHTC process. The independent
variables were (1) biomass-to-suspension ratio, (2) catalyst-to-
suspension ratio and (3) temperature with factor levels ranging be-
tween 5-25 wt.%, 0-10 wt.% and 180-220 °C. The dependent variables
were VM, ash, FC contents of HC, HC yield (Yyc) and total organic
carbon content of process water. The 5 dependent variables were eval-
uated using Analysis of Variance (ANOVA). The applied polynomial
quadratic response model was given by Eq. (4):

k k
Yi=bo+ Z bix; + Z bix; + €, 4
P ]

where Y is the predicted response variable, x;is the value of indepen-
dent variables, by, b;and b;are the regression coefficients and « is the
random error.

2.5. Calculations

2.5.1. HC quality and HTC conversion efficiency
The hydrochar yield was determined using Eq. (5):

Yue (%) = e 100, )

MyA

where mycis the mass of hydrochar (kg) and mypuis the mass of dry
microalgae (kg).

The quality of the produced HC and the efficiency of the hydro-
thermal conversion were evaluated by the higher heating value [39]
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(Eq. (6)), fuel ratio (FR) (Eq. (7)), energy densification (ED) (Eq. (8)),
energy recovery-, (7zz) (Eq. (9)) and fixed carbon recovery efficiencies
(7pcr) (Eq. 10):

HHV (MJ kg™') = 0.3536-FC +0.1559-VM — 0.0078-ash ©)]
FR < —) = 5—; @
ED ( - ) e ®
NEr (*> :%'YHC (C)]
Mrcr ( 7) = gg;j-m (10)

The HHV’s empirical formula is applicable in a wide range of VM
(0.9%-90.6%), ash (0.2-77.7%) and FC contents (1.0%-91.5%) where
the average absolute and bias errors are 3.74% and 0.12%, respectively.
The stability and ignition characteristics of HC samples were assessed by
the fuel ratio. Leng et al. [40] expressed that a FR value higher than 1.14
predicts stable char with a half-life of minimum 1000 years. A FC/VM
ratio between 0.33 and 1.14 indicates moderately stable fuel with a half-
life of 100-1000 years, while a fuel ratio lower than 0.33 denotes non-
stable char with a half-life of maximum 100 years. Higher FR values are
desired to increase stability of solid fuels but the ratio should be below
2.5 to ensure satisfactory VM content, fuel reactivity and combustion
performance [41].

2.5.2. Energy efficiency of cHTC process

The energy consumption (Eq. (11)), rate of energy recovery (Eq.
(12)) and net energy ratio (NER) (Eq. (13)) of catalytic and non-catalytic
hydrothermal carbonizations were calculated as follow:

O are (MJ> = ka'cp,k'ATHTC + Qe + My e (Cw + Cp.W'ATdry[ng)v

a1

Qourure (MJ) = myc-HHV yc, 12)
~ Qour.urc

NERyrc | — | = ) 13)
O Hre

where Qupurc is the input energy requirement of hydrothermal
carbonization (MJ), Qourarcis the output energy gain via the hydro-
thermal conversion (MJ), my is the mass of the kthcompound (kg) where
k equals to water, microalgae and acetic acid. ¢, is the specific heat of
the kthcompound (MJ kg’lK’l), my is the mass of water (kg), ¢, is the
heat of evaporation of water (MJ kg_l), cp,w is the specific heat of water
MJ kgflK*I), A\ Tyrcis the temperature difference between room
temperature and HTC reaction temperatures (K). Q. is the energy con-
sumption of centrifugation (2.17 - 10%kWh kg’l(dry weight) [42]),
my e is the mass of the residual moisture content of dewatered hydro-
char (kg), ATd,yi,,gis the temperature difference between room tem-
perature and drying temperature (105 °C), myc is the mass of hydrochar
(kg) and HHVcis the higher heating value of hydrochar (MJ kg™1).

The specific heat of microalgae was determined based on its lipid
(LCpma), protein (PCpa), and carbohydrate (CHCpa) contents (wt.%)
using Eqs. (14)-(17) [43]:

Cp.MA (MJ kgilkil) = LCua~cp, L +PCpa-cpp + CHCyp-cpcnrs (14)
cpr (MJ kg™! K™') = 0.40-c,, (15)
o (MJ kg™ K1) =037, w, (16)
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Cpon (MJ kg™ K1) = 0.34-c,, a7

where ¢, 1, ¢y pand ¢, cyare the specific heats of lipid, protein and car-
bohydrate (MJ kg~ K1), respectively. It is assumed that the used
Chlorella vulgaris feedstock contains 40 wt.% lipid, 48 wt.% protein and
12 wt.% carbohydrate.

2.5.3. Electric efficiency of HC and HCo co-firing

Combined heat and power (CHP) plant configuration was considered
for solid fuel co-firing. It was estimated that 25% of input energy is lost
during the combustion process. The heat and electricity generation ef-
ficiencies were assumed to be 45% and 30%, respectively [44]. The
feedstock-to-hydrochar-to-power efficiency (75 ) was calculated based
on Eq. (18):

Qour.ure Ocup.e
=) = =2 ’ 18
Mg HC ( ) S Epni 100 ) (18)

where Qour urcis the energy stored in hydrochar carrier (MJ), Ocupis
the estimated electricity producing efficiency of the CHP plant (30%)
and Y Ejvkis the sum of the required input energy (MJ). > Ejyx consists
of the energy needs of (1) chemicals production (i.e., fertilizers, floc-
culant, homogeneous catalyst), (2) microalgae cultivation, (3) Chlorella
vulgaris harvesting and dewatering, (4) raw material mixing, (5) hy-
drothermal carbonization and (6) HC dewatering. The overall electricity
conversion efficiency of solid fuel co-firing was determined based on Eq.
19:

Myc Myco
Xcrr ( - ) = e Nemc + - NE HCo> (19)

Myc + Muco Muc + Myco

where X¢pris the feedstock-to-power co-firing efficiency (-), myg,is the
mass of hard coal (kg). The hard coal electricity conversion efficiency
(15 meo) Was estimated to be 0.367 [45].

2.5.4. Technology overview

2.5.4.1. Microalgae cultivation. The life cycle inventory inputs of
microalgae cultivation were substrates (carbon dioxide, nutrients (N and
P sources), light) and utilities. Outdoor open raceway ponds were
considered for the cultivation stage. It was assumed that at the end of the
fermentations the dry weight content of culture broth reaches 0.5 g L™
[46]. The COy uptake during the biofixation was determined by Eq. 20
assuming that the CO; is sequestrated from the atmosphere [47]:

_ Mco,"CCya

Mco, (kg) = T Mo100 WA, (20)

where Mo, and M¢ are the molar weights of CO3 and carbon (g mol ™),
CCpyais the carbon content of microalgae (wt.%). Urea and diammonium
phosphate (DAP) were considered as nitrogen and phosphorus sources.
The required amount of N and P were calculated based on the Redfields
molar ratio of marine phytoplanktons (C,N4P,:C106N16P1) by Eqgs. (21)-
(22) [48]:

B-My- S

my | kg :aTlOO'mM/‘u 21
Mc
M, CCua

mp | kg | =200, (22)
Mc

where a, f and y are the stoichiometric factors of C, N and P content of
biomass feedstock (=), CCya is the carbon content of microalgae (wt.%),
mya is the mass of microalgae (kg). CCya was determined by Eq. (23)
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[49]:
CCya (Wt.%) = 0.637-FC +0.455-VM (23)

The energy requirements of urea and DAP production were consid-
ered to be 26.12 MJ kg’land 14.47 MJ kg’1 [50].

Taking into account geographical restrictions, it was assumed that
solar energy is an adequate light source for the cultivation process. The
circulation in the ponds was provided by paddlewheels to avoid sedi-
mentation and self-shading. The area of raceway ponds was considered
to be 5,000 m?with an average biomass productivity of 15 g m 2d !
[51], and paddlewheel energy requirement of 2,852 W pond ! [52].

2.5.4.2. Harvesting and dewatering. Following the upstream section,
flocculation and sedimentation were considered for primary concen-
tration of algae cells. Inorganic chemical flocculation was selected for
this task due to the high obtainable harvesting efficiency (82.27%) [53]
and low optimal dosage requirement of Aly(SO4)3 flocculant (20 mg
L lat pH 5) [54]. Lamella clarifiers were used for sedimentation with an
estimated energy consumption of 3.91 - 10 *kWh (kg algae DW) ..
Following the primary dewatering step, the biomass concentration was
considered to be as high as 30 g L™ [42].

Filtration was applied as a secondary concentration method. Netzsch
chamber type pressure filtration was applied to achieve a final dry
weight of 270 g L. The energy consumption of a Netzsch chamber filter
was 0.88 kWh m~3 [55].

2.5.4.3. Hydrothermal carbonization of biomass. A static mixer was
considered for the homogenization of microalgae feedstock and acetic
acid catalyst with an estimated energy consumption of 10 kWh m~3
[56]. Based on our measurements it is estimated that the residual
moisture content of hydrochar is approximately 9 wt.% following the
removal of the liquid co-product.

2.6. Life cycle assessment of HTC process

Ex-ante cradle-to-gate environmental assessment was performed
based on ISO-14040 and ISO-14044 standards to determine the envi-
ronmental impacts of the production and utilization of hydrochar blends
and co-firing with hard coal. The LCAs were performed using SimaPro
9.1.1.1 software [57].

2.6.1. Goal & Scope

The aims of the LCAs were (1) the evaluation of environmental im-
pacts related to the application of hydrothermal carbonization, (2) the
identification of environmental bottlenecks and (3) the determination of
solid fuel co-firing ratios that enable GHG emission reduction. According
to these objectives, nine LCA cases with different CFRs were considered
and investigated as it is summarized in Table 1. The functional unit was
1 kWh of generated electricity. The system boundary for the environ-
mental screening is illustrated in Fig. 1.

2.6.2. Life cycle inventory (LCI)
The LCA inputs and outputs were compiled based on (1) cHTC and
HTC experimental data, (2) calculations, (3) Ecoinvent v3.4 database

Table 1
Cases of life cycle assessment based on hydrochar and hard coal co-firing ratio
(CFR).

CFR (HC% in HC-HCo mix)

ID of the cases

cHTC process HTC process

100% Al Bl
75% A2 B2
50% A3 B3
25% A4 B4
0% C
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[58] and (4) literature data. The life cycle inventory is summarized in
Table 2. It is assumed that the input energy and utilities were provided
by wind turbines and photovoltaic panels for hydrochar production
stages. In the case of hard coal, the Ecoinvent v3.4 database was used to
assess all of the inputs and outputs of high voltage electricity production.
Freight trains were considered for the transportation of biomass and
hard coal to an estimated distance of 100 km.

2.6.3. Life cycle impact assessment

IMPACT2002 + v2.14 multi-perspective life cycle impact assessment
(LCIA) method was used for the evaluation of GHG footprint (kg CO,,
eqkWh’l) pollution indicator and damage categories such as human
health (uPt), ecosystem quality (4Pt), climate change (#Pt) and resources
(uPt). Monte Carlo simulations with 10,000 runs were carried out to
investigate the uncertainty of input and output data. 95% confidence
interval was applied during the uncertainty analysis.

3. Results
3.1. Production of hydrochar via catalytic hydrothermal carbonization

Acid catalyzed cHTC experiments were carried out in order (1) to
investigate the effects of reaction parameters on the solid biofuel yield
and quality, (2) to determine mathematical relationship between
dependent and independent variables, (3) to improve the fuel properties
and stability of hydrochar blends and (4) to provide missing input and
output data for life cycle inventory. The experimental and calculated
results of catalytic hydrothermal carbonization are presented in Table 3.

3.1.1. Adequacy of statistical models

The ANOVA output tables of quadratic statistical models are given in
Tables S1-S5. The statistical models and the regression coefficients are
summarized in Table S6. High model accuracy was obtained in all cases
(with R squared values higher than 0.95) indicating that regressions fit
the measured data well. Fig. S1 shows that the predicted and observed
values are close to each other confirming high model accuracy. The
residues show normal distribution for each case (Fig. S2). Plotting pre-
dicted values in function of raw residuals do not show unique patterns
affirming the adequacies of models (Fig. S3). The repeated control ex-
periments are obtained within the +95% confidence interval where the
predicted and measured values are close to each other (as it is detailed in
Table S7 and Fig. S4).

3.1.2. The effects of process parameters on HTC performance

The analysis of variance results indicate that reaction temperature
influences significantly the HC yield (T(L): F = 32.56, p = 0.029), vol-
atile matter content (T(L): F = 129.82, p = 0.008; T(Q): F = 22.42,p =
0.042) and has a moderate effect (0.05 < p < 0.10) on the fixed carbon
content (T(L): F = 37.74, p = 0.073; T(Q): F = 31.48, p = 0.085). Fig. 2a
illustrates that lower temperature levels are preferred conditions to in-
crease the hydrochar yield in the case of acid catalyzed hydrothermal
conversion. This temperature dependent tendency is similar to the
noncatalytic hydrothermal carbonization of wet biomass [60] but the
rate of biofuel yield increment is higher than expected. The highest solid
biofuel production rate (Yuc=48.8%) is achieved at 180 °C, 25 wt.%
BSR using 10 wt.% acetic acid catalyst-to-suspension ratio.

It is found that the temperature factor has also an important role in
controlling the hydrochar’s composition and indirectly fuel properties.
Fig. 2b demonstrates that increased temperature levels are preferred to
improve the fixed carbon content of the solid combustible samples.
Analogous relationship is obtained in the case of noncatalytic hydro-
thermal conversion, i.e., raising the temperature from 180 °C to 220 °C
results in a FC increment of 50.7% while the volatile matter content
decreases by 7.2 wt.% using 15 wt.% biomass-to-suspension ratio. The
rate of VM loss is higher than the growth of FC which indicates that
volatile compounds are converted into liquid and gaseous substances
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Fig. 1. Life cycle process inputs, outputs and system boundary of hydrochar and hard coal co-firing.

during the HTC process. Fig. 2c shows an inverse impact on the VM
content, where increasing temperature levels have negative effects on
the amount of volatiles. Lower VM and higher FC contents denote higher
fuel ratio and better combustion characteristics. It is obtained that the
fuel ratio can be increased up to 0.38 and 0.34 using 220 °C, 5 wt.% BSR
factor levels and 9 & 5 wt.% CSR settings, respectively (as it is shown in
Table S7). The solid renewable acid catalyzed HTC char products (1)
have the same quality as sub-bituminous coals (19.30 MJ kg~ !<HHV
<22.09 MJ kg’l) according to the ASTM D388-13 standard, (2) are
stable with a half-life of 100-1000 years frame (0.33 < FR < 1.14) and
(3) have a satisfactory combustion performance (FR<2.5). On the other
hand, improved combustion properties are coupled with lower solid
biofuel yield highlighting the importance of the evaluation of the net
energy ratio in function of catalytic and noncatalytic HTC experimental
conditions.

The biomass-to-suspension ratio is obtained to be a significant factor
regarding hydrochar’s volatile matter (BSR (L): F = 35.35, p = 0.027;
BSR (Q): F = 22.69, p = 0.041) and ash (BSR (L): F = 21.62, p = 0.043)
contents. BSR has also a significant effect on the total organic carbon
content (BSR (L):129.88, p = 0.007) of process water. The TOC content
of process water samples is increasing at elevated biomass-to-suspension
ratio levels as it is illustrated in Fig. 2d. Thus, it would be preferable to
operate the thermochemical conversion at lower BSR factor levels to
mitigate the formation of organic liquid compounds. On the other hand,
higher biomass-to-suspension ratio levels contribute to achieve
increased HC yield (BSR (L): F = 10.36, p = 0.084) (Fig. 2a). In the case
of the noncatalyzed process the TOC concentration of PW can be more
than seven times higher peaking at 49,777 mg L 'when the BSR is
increased from 5 wt.% to 25 wt.% at 220 °C. The suppression of TOC in
the liquid phase is important to ease the environmental challenges
related to the valorization of PWs. These experimental and statistical
results suggest that a trade-off should be made between the solid biofuel
yield and quality of process water.

The catalyst-to-suspension ratio is found to be a significant inde-
pendent variable (p<0.05) in the cases of volatile matter (CSR (L): F =
31.22, p = 0.031) and total organic carbon (CSR (L): F = 169.56, p =
0.006) contents. An upper extremum is identified in the case of FC
content in function of the process temperature and CSR (Fig. 2e). The
results show that the fixed carbon content can be increased from 9.91
wt.% (T =180 °C, BSR = 15 wt.%, CSR = 0 wt.%) up to 24.63 wt.% (T =
200 °C, BSR = 25 wt.%, CSR = 7 wt.%). The utilization of acetic acid
catalyst improves the fuel properties of HCs, but it also elevates the TOC
concentration of the co-produced liquid phase (Fig. 2d). The highest
increment (49,977 mg L™ 1) was experienced when the CSR was raised to
10 wt.% at 220 °C and 5 wt.% BSR.

3.2. Efficiency of hydrochar production

Improving the conversion of high moisture containing biomass is a
key factor to maintain moderate resource management and low green-
house gas footprint during the hydrothermal treatment. The thermo-
chemical process efficiency of acid catalyzed hydrothermal
carbonization was investigated based on performance indicators, i.e.,
the net energy ratio, energy-, and fixed carbon recovery efficiencies, and
heating value.

The results show that the hydrothermal reaction parameters have
decisive role in controlling and raising thermochemical conversion ef-
ficiencies (Fig. 3). It is obtained that the hydrothermal reaction tem-
perature has an adverse impact on the net energy ratio and energy
recovery efficiency. As it is illustrated in Fig. 3a raising temperature
from 180 °C to 220 °C reduces the values of NER and 7, by 52.5% and
42.1%, respectively. These results suggest that decreasing hydrochar
yield has higher negative impact on the energy recovery than the ach-
ieved enhanced coalification degree and better combustion properties
have in function of the increasing HTC temperature levels. It is obtained
that the higher heating value of the solid biofuel and fixed carbon re-
covery efficiency can be described with curves having maximum points
at 19.9 MJ kg 'and 69.9% using constant 8 wt.% biomass-to-water
ratio; 205°C and 185°C, respectively.

Fig. 3b shows that the biomass-to-suspension ratio has a key role in
maintaining high biomass transformation efficiency. The net energy
ratio of the catalytic hydrothermal process can be increased by approx.
8-times raising BSR from 5 to 25 wt.%. Simultaneously, the energy-, and
fixed carbon recovery efficiencies can be boosted by 43.9% and 46.3%,
respectively. However, it is also found that higher biomass-to-
suspension levels do not advance the calorific value of solid biofuel
samples.

The effects of catalyst-to-suspension ratio on process efficiency in-
dicators are illustrated in Fig. 3c. The utilization of acetic acid catalyst
improves fixed carbon recovery efficiency by 23.8% compared to non-
catalytic HTC. The addition of the homogeneous catalyst implies the
same tendency on the net energy ratio and energy recovery efficiency
with attaining minimum values at approx. 4 wt.% CSR level. The NERyr¢
of the hydrothermal process can be increased by 8.8% up to a value of
3.1 by raising the catalyst concentration up to 10 wt.% at 195 °C and 25
wt.% BSR level. The obtained net energy ratio of catalytic hydrothermal
carbonization is in line with former studies that examined the non-
catalytic hydrothermal valorization of high moisture containing yard
waste (1.4<NER<5.1) [61] and sewage sludge (1.6 < NER < 2.9) [62].

3.3. Ex-ante environmental assessment of renewable hydrochar co-firing

The life cycle impacts of hydrochar and coal co-firing were screened
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Table 2
Life cycle inventory. Functional unit: 1 kWh of produced electricity.

Process/ Units cHTC HTC Data types Source

Parameters (s)

Chemicals production

Energy need of kWh 2.39E4+00  1.86E+00 Literature [50]
urea based
production

Energy need of kWh 4.84E-01  3.77E-01 Literature [59]
diammonium based
phoshate
production

Energy need of kWh 1.46E-04  1.14E-04 Ecoinvent [58]
aluminum v3.4
sulfate
production

Energy need of kWh 6.27E+00 - Ecoinvent [58]
acetic acid v3.4
production

Biomass cultivation

Mass of urea for kg 3.30E-01 2.57E-01 Literature [50]
Cv cultivation based

Mass of kg 1.20E—-01 9.37E—-02 Literature [59]
diammonium based
phosphate for
Cv cultivation

Mass of CO,, for kg 3.62E+00 2.82E+00 Literature [47]
Cv cultivation based

Energy need of kWh 1.99E+00  1.55E+00 Literature [52]
paddlewheel based

Biomass harvesting

Mass of 0.05 wt. kg 4.36E+03  3.39E+03 Literature [53]
% Cv based
suspension

Mass of kg 4.36E-05  3.39E—05 Literature [54]
aluminum based
sulfate for Cv
harvesting

Energy need of kWh 7.01E—-04 5.46E—04 Literature [42]
clarifier based

Energy need of kWh 5.26E—02  4.09E—02 Literature [55]
pressure filter based

Biomass transportation

Transport of kgkm  6.64E+02  5.17E+02 Calculation Current
feedstocks to research
the HTC plant

Hydrothermal carbonization

Mass of 27 wt.% kg 6.64E+00  5.17E+00  Experimental Current
Cv suspension research

Mass of acetic kg 5.74E—-01 - Experimental Current
acid research

Energy need of kWh 1.20E-02 - Literature [56]
mixer based

Heat kWh 1.14E+00  8.48E—01 Calculation Current
requirement research
of HTC
process

Hydrochar dewatering

Mass of kg 7.21E400  5.17E400 Experimental Current
hydrochar- research
process water
mixture

Energy need of kWh 1.32E-02 1.53E-02 Literature [42]
centrifugation based

Heat kwWh 3.94E-02  4.59E-02 Calculation Current
requirement research
of HC drying

Hydrochar combustion

Mass of dry kg 6.07E—01  7.07E—-01 Calculation Current
hydrochar research
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on a cradle-to-gate system boundary. As it is illustrated in Fig. 1,
distinctive resource management stages were considered for the envi-
ronmental assessment involving (i) the production of chemicals, (ii) raw
material acquisition, (iii) raw material processing, (iv) product pro-
cessing and transport, (v) energy conversion and (vi) end use. During the
impact assessment it is considered that the cHTC co-products, i.e., biogas
mixture and process water, are used and recycled in closed emission
systems (e.g., as a feedstock in Power-to-Gas energy storage applications
or in hydrothermal gasification). As part of raw material acquisition, it
was assumed that CO is sequestrated from the atmosphere via bio-
fixation. The CO5 uptake rate during the propagation and growing of
Chlorella vulgaris cells is obtained to be nearly 2-times higher compared
to the produced weight of biomass (Eq. 20) offering strong decarbon-
ization potentials for microalgae derived hydrochar blends.

Co-firing compromise between the attainable hydrochar yield and
combustion quality was incorporated in the life cycle assessment to
support resource management and decision making based on environ-
mental criteria. Comparative life cycle assessment was carried out dis-
tinguishing catalytic and noncatalytic hydrothermal processing and co-
firing cases, as it is listed in Table 1. Taking into account the investigated
efficiency indicators and achievable hydrochar quality, the cHTC and
HTC processes are considered to be operated at 195 °C, 25 wt.% BSR, 8
wt.% CSR; and 180 °C, 25 wt.% BSR, 0 wt.% CSR reaction conditions,
respectively. Monte Carlo analyses were performed to examine the un-
certainty of input and output datasets. The results show no outliers
considering the 95% confidence interval and confirm the robustness of
the life cycle analyses (Figs. S6-S7).

The energy flow analysis of the catalytic HTC shows that the pro-
duction of raw chemicals (homogeneous catalyst, fertilizers/substrates
for microalgae cultivation, flocculant for harvesting) has the highest
utility requirement with a total share of 73.8%. Biomass cultivation in
open air system takes the second place with 16.0%. Catalytic hydro-
thermal carbonization is accounted for only 9.3% of the total utility
requirement operating the thermochemical process at ideal reaction
conditions. It is also determined that biomass harvesting and hydrochar
dewatering have marginal energy demands with an equal share of 0.4%.

The environmental impact assessments show that the application of
hydrochar fuel blends is beneficial to reduce the midpoint environ-
mental impacts of coal fired power plants (Table 4). Elevating the
hydrochar co-firing ratio is found to be advantageous to mitigate the
global warming potential of conventional combined heat power plants
using either catalytic or noncatalytic hydrochar blends. It is obtained
that negative global warming potential can be achieved in 3 catalytic
(A1-A3) and 2 noncatalytic (B1; B2) co-firing cases. The environmental
screening of CFR alternatives shows that the attainable advanced energy
densification degree of the acetic acid catalyzed hydrothermal carbon-
ization contributes to reach less adverse global warming potentials
compared to autocatalytic biomass valorization. The comparative LCA
results demonstrate that hydrochars produced via cHTC have lower
environmental damages regarding aquatic ecotoxicity, aquatic eutro-
phication, carcinogens, terrestrial acidification and terrestrial ecotox-
icity midpoint categories, compared to noncatalytic HCs at a given CFR
value.

The greenhouse gas footprint, electric efficiency and specific elec-
tricity production rate of co-firing are illustrated in Fig. 4a. It is obtained
that the GHG footprint of pure catalytic hydrochar combustion can be as
low as —1.54 kg COz,equh’lin a cradle-to-gate framework, while this
value is found to be —1.13 kg COz,equh_1 in the case of noncatalytic
hydrothermal carbonization indicating strong decarbonization poten-
tials for hydrochar blends. It is found that GHG emission neutral oper-
ation can be reached by applying 43.9% co-firing with catalytic HC
blends. The carbon neutral operation is coupled with 27.3% electric
efficiency and 187.42 IMPACT 2002+ uPt kWh 'cumulated environ-
mental damage. Fig. 4a demonstrates that higher blend-to-power effi-
ciency (Xcrr > 30%) can be attained with noncatalytic HCs but the co-
firing ratio has to be increased to a CFR value of 53.1% in order to
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Table 3
Design of the experiment for the examination of catalytic hydrothermal carbonization thermochemical process along with measured and calculated results.
ID Experimental parameters Proximate analysis HC characteristics PW quality Biogas
yield
T BSR CSR VM (wt. Ash FC (wt. Yuc HHV (MJ  FR(-)  ED - NEck TOC (mg pH Ygc (mol
O Wwt%)  (wt%) %) (Wt.%) %) (%) kg ") &) © &) LY &) kg
1 180 5 0 85.69 2.12 12.19 40.83 17.65 0.142 1.035 0.283 0.278 12,140 5.59 0.51
2 180 15 10 82.10 1.53 16.37 46.72 18.57 0.199 1.089 0.444 0.556 80,270 3.59 1.40
3 180 25 5 78.75 4.39 16.85 40.74 18.20 0.214 1.068 0.220 0.289 80,070 4.05 1.59
4 200 5 10 75.92 0.32 23.76 20.58 20.23 0.313 1.187 0.164 0.274 56,700 3.40 1.71
5 200 15 5 77.37 1.32 21.31 27.34 19.59 0.275 1.149 0.437 0.676 60,300 3.93 2.04
6 200 25 0 75.12 5.11 19.76 38.02 18.66 0.263 1.094 0.266 0.401 47,950 5.47 1.84
7 220 5 5 74.82 0.92 24.26 13.84 20.23 0.324 1.187 0.485 0.826 35,050 3.70 2.20
8 220 15 0 79.09 6.66 14.25 24.33 17.32 0.180 1.016 0.475 0.555 34,040 6.46 2.54
9 220 25 10 71.55 6.50 21.95 30.26 18.87 0.307 1.107 0.335 0.554 107,100 4.01 2.44
Cv - - - 82.43 5.57 11.99 - 17.05 0.146 - - - - - -

reach and maintain low-carbon emission operation. Simultaneously, the
attributed total impacts can be reduced to 62.54 IMPACT 2002+ uPt
kWh!that is a major advancement compared to the combustion of hard
coal (203.49 IMPACT2002+ uPt kwh™1).

Fig. 4b demonstrates that the utilization of catalytic and noncatalytic
hydrochars imposes different endpoint damages. As it is illustrated in
Fig. 4b, higher climate change mitigation potentials can be reached with
catalytic based fuel blends. In the case of pure hydrochars, the climate
change potential of the catalytic HC is 36% lower compared to the
noncatalytic blending component. On the other hand, the damage
assessment indicates that higher overall impact reduction can be ach-
ieved with the utilization of noncatalytic HCs. The endpoint impact
assessment highlights that noncatalytic HC alternatives are preferable
over cHTC derived hydrochars in the case of ecosystem quality, human
health and resources sub-categories. The midpoint environmental
characterization demonstrates that the catalytic hydrochar production
implies high respiratory inorganics emission and terrestrial acidification
potential (Table 4). These two damage categories have considerable
effects on the determined HH and EQ endpoint impacts. Their increased
value is the aftereffect of acetic acid utilization including its production,
required raw material acquisition and transportation. Using the homo-
geneous catalyst in the hydrothermal process elevates non-renewable
energy and mineral extraction impacts resulting in higher resources
endpoint damages. The biofixation of CO; requires additional chemicals
(fertilizers for cultivation, flocculant for harvesting) that also raises the
emission of respiratory inorganics. The sustainability analyses show that
slightly higher partial damages can be expected on HH in the case of
hydrochar co-firing compared to the utilization of hard coal, but HTC
scenarios have significant advantage regarding the cumulated environ-
mental impacts and GHG footprint.

The applied energy mix has an important role in pollution prevention
and improving process sustainability. Sensitivity analyses are performed
to examine the effects of renewable energy mix composition on the GHG
footprint sustainability indicator. Fig. 5 presents that changing the ratio
of wind turbines and photovoltaic panels in the electricity mix does not
pose significant deviations in the final greenhouse footprint value. The
sensitivity analysis confirms that higher share of wind energy in the
electricity mix is preferred to improve the sustainability of co-firing. It is
obtained that the composition of applied renewable energy mix can
influence the ideal hydrochar co-firing ratio. 100% catalytic and non-
catalytic hydrochar CFR cases show higher sensitivity in function of the
renewable energy mix where the A1 and B1 GHG FP values range be-
tween —1.28 and —1.54 kg COg,equh’l& —0.91 and —1.13 COq,
equh_l, respectively. The ex-ante sustainability analyses suggest that
carbon neutral operation can be reached by applying 73% or higher
share of wind energy ratio in the hydrochar producion chain along with
50% cHTC or 62% HTC co-firing values.

4. Discussion

The hydrothermal valorization of wet biomass is found to be an
effective process for synthesizing renewable solid biofuels with
adequate stability and similar combustion properties to sub-bituminous
coals. The statistical analyses confirm that renewable solid fuel prop-
erties, i.e., composition, calorific value, fuel ratio can be upgraded and
controlled during catalytic and noncatalytic sub-critical thermochem-
ical conversions by adjusting and selecting ideal process parameters.
The achievable flexibility in hydrochar quality widens fuel blending
possibilities. The combination of high fixed carbon containing coals and
renewable hydrochars with elevated volatile content improves the
burning performance of conventional fuel resources which are otherwise
difficult to ignite. The hydrothermal process performance indicators
highlight that quality differences between catalytic and noncatalytic
HCs influence the coal co-firing efficiency, the required amount of
blending components and indirectly the anthropogenic pollution. The
preliminary examinations show that the utilization of homogeneous
acetic acid catalyst has a high influence on the sub-critical process
performance, hydrochar-, and process water quality. The sustainability
assessments indicate that the application of acetic acid catalyst induces
different mid-, and endpoint impacts. The climate change mitigation
potential can be significantly improved in the cHTC case, but the cata-
lyst utilization increases the PMy 5 cqemission. The overall environ-
mental impacts could be reduced by improving the sustainability of
applied utilities and auxiliary chemicals production. These findings call
the attention to the need for improving the catalytic hydrothermal
conversion, screening the environmental effects of other applicable
homogeneous and heterogeneous catalysts in hydrothermal processes
and demonstrate the importance of process development based on sus-
tainability indicators.

Recycling of side products is important for neutralizing their envi-
ronmental effects. The high CO, content of cHTC biogas could be an
excellent substrate for photoautotrophic microalgae cultivation or a
feedstock in Power-to-Gas applications because of the lack of toxic
compounds (e.g., SOx, NOy, heavy metals) in the gas mixture. cHTC
reaction conditions have an important role enabling high-quality solid
biofuel upgrading along with the co-production of low TOC containing
liquid phase. The hydrothermal gasification process seems to be a suit-
able thermochemical way for the recycling of high TOC containing
process waters and to recover gaseous energy carriers [35]. It was also
reported that the application of catalysts in the HTG process can
improve the TOC reduction of waste waters produced during the
hydrothemal valorisation of microalage [63]. In both co-product cases,
closed emission systems can be utilized during the resource management
preventing the direct emission of hazardous materials. To acquire more
complex understanding and a holistic view on the environmental effects
of hydrothermal carbonization-based co-firing, future investigations are
needed to evaluate and compare side products utilization alternatives.
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Fig. 2. Interactions on 3D plots in the case of catalytic hydrothermal carbonization (cHTC). (a) hydrochar yield in function of temperature and biomass-to-
suspension ratio (CSR = 5 wt.%), (b) fixed carbon content of hydrochar in function of temperature and biomass-to-suspension ratio (CSR = 5 wt.%), (c) volatile
matter of hydrochar in function of temperature and biomass-to-suspension ratio (CSR = 5 wt.%), (d) total organic carbon content of process water in function of
biomass-to-suspension ratio and catalyst-to-suspension ratio (T = 200 °C) and (e) fixed carbon content of hydrochar in function of temperature and catalyst-to-

suspension ratio (BSR = 15 wt.%).
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Fig. 3. The effects of hydrothermal carbonization process parameters on efficiency indicators. (a) The effects of reaction temperature at 25 wt.% BSR and 8 wt.%
CSR; (b) the effects of biomass-to-water ratio at 195 °C and 8 wt.% CSR; and (c) the effects of catalyst-to-suspension ratio at 195 °C, and 25 wt.% BSR.

Table 4
Midpoint environmental impacts of hydrochar and coal co-firing alternatives. Functional unit: 1 kWh of produced electricity. CFR: Co-firing ratio.
Impact category Unit Al (CFR = A2 (CFR = A3 (CFR = A4 (CFR = B1 (CFR = B2 (CFR = B3 (CFR = B4 (CFR = C (CFR =
100%) 75%) 50%) 25%) 100%) 75%) 50%) 25%) 0%)
5.66E—03 4.21E-03 3.06E—-03 2.12E-03 1.20E-03 1.25E-03 1.29E-03 1.32E-03 1.34E-03
Aquatic kg TEG 1.13E4+02 7.76E+01 4.93E+01 2.62E4+01 2.99E+01 2.15E+01 1.54E+01 1.07E4+01 7.07E+00
ecotoxicity water
Aquatic kg PO, P- 5.89E—-04 4.11E-04 2.70E—-04 1.55E—-04 2.05E—-04 1.51E-04 1.12E-04 8.24E—-05 5.91E-05
eutrophication lim
Carcinogens kg 1.41E-02 9.57E-03 5.95E—03 3.01E-03 5.10E-03 3.42E-03 2.21E-03 1.28E-03 5.61E—04
CoHsCleg
Global warming kg CO2,eq -1.54E4+00 -6.99E—01 -2.78E—-02 5.19E-01 -1.13E4+00 -3.56E—-01 2.09E-01 6.37E-01 9.74E—01
Ionizing Bq C-14 1.16E+401 7.97E+00 5.10E+00 2.76E+00 1.16E4-00 1.03E+00 9.39E-01 8.68E—-01 8.13E-01
radiation eq
Land occupation mzorg. 1.44E-02 1.16E—02 9.44E—-03 7.65E—03 5.15E—-03 5.53E—-03 5.80E—-03 6.00E—-03 6.16E—03
arable
Mineral MJ 1.56E-01 1.04E-01 6.30E—02 2.93E-02 9.14E—-02 5.82E—-02 3.40E—-02 1.57E-02 1.35E-03
extraction surplus
Non-carcinogens kg 2.63E—-02 1.82E-02 1.18E-02 6.52E-03 1.12E-02 7.89E—-03 5.46E—03 3.62E—-03 2.17E-03
CoHsCleg
Non-renewable MJ 2.64E+01 2.18E+01 1.81E+01 1.51E+01 1.77E+00 5.75E+00 8.64E+00 1.08E+01 1.25E+01
energy primary
Ozone layer kg CFC- 2.78E—-07 1.86E—-07 1.13E-07 5.28E-08 1.79E-08 1.25E-08 8.51E-09 5.51E-09 3.17E-09
depletion 1leq
Respiratory kg PM; s, 1.12E-03 8.12E—-04 5.66E—04 3.66E—04 2.74E—-04 2.46E—04 2.26E—-04 2.11E-04 1.99E-04
inorganics eq
Respiratory kg GoHyeq 6.71E—-04 4.53E—-04 2.79E—-04 1.38E—04 8.18E—05 5.92E-05 4.27E—05 3.02E-05 2.05E-05
organics
Terrestrial acid/ kg SO2.eq 1.62E—-02 1.23E-02 9.20E-03 6.68E—03 4.02E—-03 4.23E-03 4.38E—-03 4.49E-03 4.58E—-03
nutri
Terrestrial kg TEG 3.06E+01 2.10E+01 1.32E+01 6.94E+00 9.82E+00 6.83E+00 4.66E+00 3.01E+00 1.71E4+00
ecotoxicity soil
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Fig. 4. Results of ex-ante multi-perspective impact assessment. (a) GHG footprint and overall electric efficiency of HC and HCo co-firing alternatives, (b) Endpoint
environmental impacts of hydrochar and coal co-firing alternatives. HH: Human Health, EQ: Ecosystem Quality, CC: Climate Change, Res: Resources, FP: footprint, y

= IMPACT2002 + Pt (uPt), x = CFR (%).

The partial substitution of conventional fuels with alternative energy
carriers should ensure (i) to maintain adequate electricity generation
and to (ii) meet decarbonization targets. Microalgae-based hydrochars
are found to be effective fuel blending components that (1) improve the
combustion performance, (2) are characterized by higher stability
compared to raw biomass and (3) offers low-carbon transition potentials
for fossil-based power plants. The ex-ante impact assessment suggests
that hydrochar co-firing is an attractive bypass solution allowing to
improve the environmental bottlenecks of coal fired power plants where
critical focus should be placed on the further development of catalytic
hydrothermal valorization and recycling possibilities of side products.

5. Conclusions

To improve the sustainability, the efficient production of high-

11

quality biomass-based solid blending components synthesized by cata-
lytic hydrothermal carbonization for coal co-firing is studied. The uti-
lization of acetic acid homogeneous catalyst is found to be beneficial to
(1) upgrade the combustion properties of hydrochars, to (2) improve the
conversion of dilute Chlorella vulgaris microalgae suspension and to (3)
decrease the effective co-firing ratio in power plants. The environmental
screening highlights that the greenhouse gas footprint of conventional
coal fired power plants can be significantly reduced by putting into use
renewable hydrochar blends. It is determined that enhanced greenhouse
gas emission reduction can be reached by applying 43.9% and 53.1% co-
firing ratios in the cases of hydrochars derived from catalyzed and
noncatalyzed hydrothermal carbonization processes. The results indi-
cate that the partial substitution of coal with solid hydrothermal biofuels
saves natural resources and delivers efficient power generation resulting
in low-carbon and sustainable energy generation alternative.
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Fig. 5. The results of sensitivity analysis for catalytic (A1-A4) and non catalytic (B1-B4) hydrochar co-firing cases. The effects of renewable energy mix composition
(wind and solar) on greenhouse gas footprint. R,4is the share of wind energy (%) in the applied energy mix.
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