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   Abstract—With  increasing  concerns  over  contamination  by  heavy
metals  (HMs)  in  sewage  sludge,  treatment  technologies  integrating
detoxification and resource recovery are urgently needed. This study
used sewage sludge (SS) and four lignocellulosic biomasses, including
pine  sawdust  (PS),  bagasse  (BS),  sunflower  straw  (SFS),  and  water
hyacinth  (WH),  to  investigate  the  migration,  transformation,  and
environmental risks of Cr,  Cu, Mn, and Zn during co-hydrothermal
carbonization  (Co-HTC).  Co-HTC  reduced  the  solid-phase  concen-
trations  of  HMs  in  hydrochars  and  promoted  their  transformation
from exchangeable/reducible fractions to oxidizable/residual fractions.
The hydrochar derived from SS and BS (H-SS&BS) showed the best
stabilization  of  Cr  and  Mn,  with  oxidizable  and  residual  fractions
reaching  88.58% and  63.73%,  respectively,  whereas  the  hydrochar
derived from SS and PS showed superior  immobilization of  Cu and
Zn, with corresponding fractions of 83.30% and 70.93%, respectively.
Risk assessment  showed that  the  geoaccumulation index (Igeo)  values
of  Cr,  Cu,  and  Zn  in  H-SS&BS  decreased  to  0.65,  1.71,  and  3.58,
respectively.  Life  cycle  assessment (LCA) indicated that  BS and SFS
systems  had  lower  overall  environmental  burdens  due  to  improved
fuel quality and energy recovery potential. Overall, Co-HTC provides
a  promising  strategy  for  the  simultaneous  stabilization  of  HMs,  risk
reduction, and resource recovery from sewage sludge.

    Index Terms—Lignocellulosic  biomass, co-hydrothermal  car-
bonization, heavy  metal  migration, risk  assessment, life  cycle  assess-
ment.
  

ABBREVIATION

HMs heavy metals

SS sewage sludge

PS pine sawdust

BS bagasse

SFS sunflower straw

WH water hyacinth

HTC hydrothermal carbonization

Co-HTC co-hydrothermal carbonization

H-SS&BS hydrochar derived from SS and BS

LCA life cycle assessment

HHV higher heating value

CCI composite combustion index

XRD X-ray diffraction

RI risk index

RAC risk assessment code

ICP-MS inductively coupled plasma mass spectrometry

FU functional unit

GWP global warming potential

LOP land occupation potential

FETP fresh-water ecotoxicity potential

FFP fossil fuel potential

FEP freshwater eutrophication potential

WCP water consumption potential

TAP terrestrial acidification potential

METP marine ecotoxicity potential

TETP terrest rial ecotoxicity potential

HTPc human toxicity potential, cancer

HTPnc human toxicity potential, non-cancer

SOP surplus ore potential

XPS X-ray photoelectron spectroscopy

XAS X-ray absorption spectroscopy
  

I.  Introduction

W ith  the  acceleration  of  urbanization  and  industrializa-
tion,  the  production  of  municipal  sewage  sludge  has

continued  to  increase.  Global  municipal  wastewater  genera-
tion is projected to reach 471.2 and 573.8 billion m3 by 2030
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and 2050, respectively [1]. Sewage sludge is typically charac-
terized  by  high  moisture  content  and  complex  composition,
and  is  often  enriched  with  various  hazardous  contaminants,
particularly  heavy  metals  (HMs).  Among  them,  Cr,  Cu,  Mn,
and  Zn  exhibit  considerable  biotoxicity,  and  their  migration
and  transformation  behaviors  are  directly  associated  with
ecosystem safety and human health [2].

At present, landfilling, incineration, anaerobic digestion, and
thermochemical conversion remain the main routes for sludge
disposal  and  resource  recovery [3], [4], [5].  Although  these
technologies  can  achieve  sludge  volume  reduction  to  some
extent,  it  remains  challenging  to  simultaneously  realize  HM
stabilization,  secondary  pollution  control,  and  energy  recov-
ery [6]. For example, landfilling may cause leachate contami-
nation, incineration can generate HM-enriched ash, and anaer-
obic  digestion  has  limited  capacity  for  HM  immobilization.
Therefore, developing sludge treatment technologies that inte-
grate  HM  stabilization  and  resource  recovery  is  essential  for
achieving sludge reduction, detoxification, and valorization.

Hydrothermal  carbonization  (HTC)  has  been  regarded  as  a
promising  approach  for  sludge  valorization  because  it  can
directly treat  high-moisture organic solid wastes and promote
organic  matter  conversion  under  subcritical  water  conditions
[7], [8], [9].  During HTC, organic matter  undergoes hydroly-
sis, dehydration, decarboxylation, and condensation reactions,
which can improve sludge dewaterability and induce the redis-
tribution of HM speciation, thereby reducing ecological risks.
However, hydrochars derived from standalone HTC of sewage
sludge  (SS)  generally  suffer  from  high  ash  content,  limited
fixed  carbon  content,  and  low  calorific  value,  which  restrict
their  potential  for  energy  utilization [10], [11], [12].  Mean-
while,  the  potential  leaching  risk  of  residual  HMs  in
hydrochars  remains  a  concern.  Previous  studies  have  shown
that introducing lignocellulosic biomass into SS co-hydrother-
mal carbonization (Co-HTC) systems can improve the carbon
content,  energy  yield,  and  fuel  quality  of  hydrochars  through
synergistic  interactions  among  feedstock  components [13].
Our  previous  study  further  demonstrated  that  Co-HTC
increased  the  higher  heating  value  (HHV)  of  hydrochars
from  6.45  MJ·kg−1 for  H-SS  to  12.17–14.87  MJ·kg−1,  with
the  highest  value  of  14.87  MJ·kg−1 observed  for  H-SS&PS.
The composite  combustion index (CCI)  also reached 21.78 ×
10−7 min−2·°C−3, which was markedly higher than that of SS at
3.53 × 10−7 min−2·°C−3 [14].

The  environmental  risks  of  HMs  in  organic  solid  wastes
depend not only on their total concentrations but also on their
chemical  speciation.  Based  on  the  European  Community
Bureau  of  Reference  (BCR)  sequential  extraction  method,
HMs are generally classified into exchangeable (F1), reducible
(F2),  oxidizable  (F3),  and  residual  (F4)  fractions [15], [16].
Among  these  fractions,  F1  and  F2  are  more  mobile  and  are
generally  regarded  as  the  main  risk-associated  fractions,
whereas F3 and F4 exhibit higher stability and lower bioavail-
ability.  Previous studies have indicated that  HTC or Co-HTC
can promote the transformation of HMs from active fractions

to  relatively  stable  fractions,  thereby  reducing  their  potential
migration risks [17].

In recent years, increasing attention has been paid to the role
of  lignocellulosic  biomass  in  enhancing  HM  immobilization
during  SS  treatment.  Previous  studies  have  reported  that  the
addition  of  biomass  such  as  wood  chips  and  rice  husk  can
reduce  the  concentrations  of  certain  HMs  in  hydrochars  and
increase the proportion of the F4 fraction [18], [19]. However,
existing studies have mainly focused on the effects of operat-
ing  parameters,  such  as  reaction  temperature,  blending  ratio,
and  residence  time,  on  HM stabilization,  while  the  migration
and transformation mechanisms of  HMs driven by the  syner-
gistic  interactions  between  SS  and  biomass  remain  insuffi-
ciently  understood [20].  In  particular,  the  specific  contribu-
tions  of  cellulose,  hemicellulose,  and  lignin  to  HM  immobi-
lization  during  Co-HTC  remain  unclear.  In  addition,  current
safety assessments have mainly focused on the total concentra-
tions,  speciation,  and  ecological  risks  of  HMs  in  hydrochar
products,  while  the  life-cycle  environmental  burdens  associ-
ated  with  biomass  acquisition,  transportation,  and  reaction
energy consumption have received limited attention [21], [22],
[23].  Therefore,  it  is  necessary  to  integrate  life  cycle  assess-
ment  (LCA)  to  comprehensively  evaluate  the  environmental
sustainability of Co-HTC.

In  this  study,  four  biomasses  with  distinct  lignocellulosic
compositions  were  co-hydrothermally  carbonized  with  SS
under identical conditions to determine whether differences in
cellulose,  hemicellulose,  lignin,  and  inorganic  matter  lead  to
systematic and metal-specific variations in the stabilization of
Mn, Cr, Cu, and Zn. The total concentrations and F1-F4 distri-
butions  of  HMs  were  determined,  while  X-ray  diffraction
(XRD)  was  used  to  provide  supporting  information  on  min-
eral-phase evolution and its potential role in HM immobiliza-
tion.  The  geoaccumulation  index  (Igeo),  potential  ecological
risk index (RI),  and risk assessment code (RAC) were jointly
applied  to  evaluate  total  contamination,  potential  ecological
risk, and bioavailability. Furthermore, LCA was conducted to
quantify  the  system-level  environmental  burdens  associated
with  different  biomass-assisted  Co-HTC  pathways.  By  inte-
grating  speciation  transformation,  ecological  risk  reduction,
and life-cycle sustainability, this study provides a comprehen-
sive basis for biomass selection and sustainable sewage sludge
valorization.  

II.  Materials and methods
  

A.  Preparation of Sewage Sludge and Biomass Samples
The SS used in this study was collected from a petrochemi-

cal  wastewater  treatment  plant  in  Northeast  China  and  con-
tained  relatively  high  levels  of  HMs.  Four  lignocellulosic
biomasses,  including  pine  sawdust  (PS),  bagasse  (BS),  sun-
flower straw (SFS), and water hyacinth (WH), were collected
from a  farm in  Northeast  China.  All  feedstocks  were  washed
to  remove  surface  impurities,  dried  at  105  °C  to  constant
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weight,  ground,  passed  through  an  80-mesh  sieve,  and  then
sealed for subsequent use. The basic physicochemical proper-
ties  and  lignocellulosic  compositions  of  the  feedstocks  are
shown in Fig. 1.  

B.  Hydrothermal Carbonization Experiments
In  our  previous  study [14],  the  effects  of  reaction tempera-

ture,  residence  time,  and  blending  ratio  on  the  properties  of
Co-HTC products derived from SS and biomass were system-
atically investigated. The results showed that hydrochars with
relatively  high  energy  yield  and  improved  fuel  quality  could
be obtained at 230 °C, 60 min, and an SS/biomass mass ratio
of 1:1. At 230 °C, the hydrothermal reaction severity was suf-
ficient  to  promote  the  hydrolysis,  dehydration,  decarboxyla-
tion,  and  structural  reconstruction  of  organic  components,
which could also facilitate the migration and speciation trans-
formation of HMs. A residence time of 60 min provided suffi-
cient time for interactions among sludge-derived organic mat-
ter,  biomass  degradation  products,  mineral  phases,  and  HMs.
In addition, the blending ratio of 1:1 ensured adequate interac-
tions between SS and biomass while maintaining an identical
total solid input among the different systems. Therefore, these
conditions provided a balanced and comparable basis for eval-
uating  the  effects  of  different  biomasses  on  HM  migration,
transformation, and stabilization.

The  experiments  were  conducted  in  a  BAIKAL-500  mL
high-pressure  reactor  (BAIKAL,  China)  made  of  316L  stain-
less  steel.  For  standalone  HTC,  30  g  of  dry  SS  or  biomass
feedstock  was  mixed  with  300  mL  of  ultrapure  water  and

loaded into the reactor. For Co-HTC, 15 g of dry SS and 15 g
of  dry  biomass  were  mixed  and  loaded  into  the  reactor  with
300  mL of  ultrapure  water,  maintaining  a  total  solid  mass  of
30 g and a solid-to-liquid ratio of 1:10. Before reaction, high-
purity N2 (99.99%)  was introduced into the reactor with con-
tinuous stirring for 15 min to remove residual air. The reactor
was  then  heated  to  230  °C and  maintained  for  60  min.  After
the reaction, the reactor was naturally cooled to room tempera-
ture, and the resulting solid-liquid mixture was separated. The
solid products were dried to constant weight in a vacuum oven
at  105  °C,  ground,  and  passed  through  an  80-mesh  sieve  to
obtain  HTC  or  Co-HTC  hydrochar  samples  for  subsequent
analyses  of  HM  content,  speciation,  and  physicochemical
properties.

For  clarity,  the  hydrochars  obtained  from  standalone  HTC
were  denoted  as  H-SS,  H-PS,  H-BS,  H-SFS,  and  H-WH,
respectively.  The  hydrochars  derived  from  Co-HTC  of  SS
with  different  biomasses  were  denoted  as  H-SS&PS,  H-
SS&BS, H-SS&SFS, and H-SS&WH, respectively. The yield,
HHV, H/C and O/C atomic ratios, and elemental composition
of  the  HTC  and  Co-HTC  hydrochars  are  shown  in Fig.  2,
which  were  used  to  support  the  analysis  of  biomass-induced
changes in hydrochar fuel quality and structural evolution.

The yield and basic properties of hydrochars obtained from
HTC and Co-HTC are shown in Fig.  2.  Compared with stan-
dalone HTC, Co-HTC increased the hydrochar yield, suggest-
ing a potential synergistic interaction between biomass and SS
during  the  hydrothermal  reaction.  This  synergy  may promote
condensation,  polymerization,  and  solid-phase  reconstruction
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Fig. 1.     Basic physicochemical properties of sewage sludge and different biomasses: (a) biomass composition; (b) elemental composition; (c) proximate analy-
sis; (d) H/C and O/C atomic ratios; and (e) higher heating value.
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of organic components, thereby inhibiting their further conver-
sion into liquid and gaseous products and retaining more car-
bon and solid matter in the hydrochar. Such solid-phase reten-
tion  may  provide  additional  carriers  for  HM  adsorption  and
complexation, thereby contributing to HM stabilization.

In terms of fuel properties, although the heating value of Co-
HTC  hydrochars  was  lower  than  that  of  hydrochars  derived
from  standalone  biomass  HTC,  it  was  markedly  higher  than
that of H-SS obtained from standalone SS HTC. Our previous
study showed that Co-HTC increased the HHV of hydrochars
from  6.45  MJ·kg−1 for  H-SS  to  12.17–14.87  MJ·kg−1,  while
increasing  the  fixed  carbon  content  from  6.16% to
15.01%–21.60%,  indicating  that  biomass  addition  effectively
improved  the  fuel  quality  of  sludge-derived  hydrochars.  The
decreases  in  H/C  and  O/C  atomic  ratios  further  indicate  that
the  hydrochars  underwent  dehydration,  decarboxylation,  and
aromatization, gradually evolving toward carbon-rich and oxy-
gen-depleted  structures.  This  structural  evolution  suggests
enhanced  chemical  stability  and  reduced  reactivity  of
hydrochars, which may further contribute to HM immobiliza-
tion and environmental stability.  

C.   BCR  Sequential  Extraction  of  Heavy  Metal  Speciation  in
Samples

When evaluating  the  environmental  and  ecological  risks  of
HMs  in  solid  samples,  total  concentrations  alone  are  insuffi-
cient  to  accurately  reflect  their  potential  hazards.  Therefore,

the BCR sequential  extraction method was used to determine
the  chemical  speciation  of  HMs  in  this  study [15].  This
method  divides  HMs  into  exchangeable  (F1),  reducible  (F2),
oxidizable (F3), and residual (F4) fractions, which correspond
to  different  levels  of  mobility,  bioavailability,  and  environ-
mental stability.

The  extraction  procedure  was  conducted  as  follows.  First,
1.0  g  of  dry  sample  was  mixed  with  40  mL of  0.11  mol·L−1

acetic  acid  solution and shaken at  room temperature  for  16 h
to extract the exchangeable fraction (F1). The residue was then
treated with 40 mL of 0.5 mol·L−1 hydroxylamine hydrochlo-
ride solution, adjusted to pH ≈ 2.0 with nitric acid, and heated
at 96 °C for 6 h to extract the reducible fraction (F2). Subse-
quently, 10 mL of 8.8 mol·L−1 hydrogen peroxide was added
to the residue,  followed by standing at  room temperature and
water-bath  treatment  at  85  °C.  Then,  50  mL  of  1  mol·L−1

ammonium acetate solution (pH ≈ 2.0) was added and shaken
for 16 h to extract the oxidizable fraction (F3) associated with
organic matter or sulfides. Finally, the residue and filter mem-
brane  after  F3  extraction  were  transferred  into  polytetrafluo-
roethylene digestion vessels, followed by the addition of 8 mL
of HNO3 (65 wt.%), 2 mL of HF (40 wt.%), and 1 mL of H2O2
(30 wt.%). Microwave digestion was then performed to obtain
the residual fraction (F4).

The extracts obtained from each step were centrifuged, and
the concentrations of Mn, Cr, Cu, and Zn in different fractions
were  determined  by  inductively  coupled  plasma  mass  spec-
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Fig. 2.     Yield and basic properties of hydrochars obtained from standalone HTC and Co-HTC: (a) hydrochar yield; (b) higher heating value; (c) H/C and O/C
atomic ratios; and (d) elemental composition.
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trometry  (ICP-MS).  The  above  sequential  extraction  proce-
dure  was  applied  to  SS,  H-SS,  and  the  four  Co-HTC
hydrochar samples.  

D.  Characterization
Following  the  method  reported  by  Wang  et  al. [24] for

determining  total  HMs  during  sludge  HTC,  with  appropriate
modifications  according  to  the  sample  matrices,  microwave-
assisted  acid  digestion  was  performed  on  raw  sludge,  raw
biomasses,  standalone  HTC  hydrochars,  and  Co-HTC
hydrochars  to  determine  the  total  concentrations  of  Mn,  Cr,
Cu, and Zn. Before analysis, all solid samples were ground to
below  200  mesh  to  improve  sample  homogeneity  and  mini-
mize  the  influence  of  particle-size  differences  on  digestion
efficiency. Digestion was performed using a microwave diges-
tion system (MARS6 Classic, CEM, USA) with a mixed acid
solution  of  HF,  HNO3,  and  H2O2 at  a  volume  ratio  of  4:3:1.
After digestion, the solution was transferred to an acid evapo-
ration  unit  (SPB50-24,  Tianjin,  China)  for  acid  removal  and
then diluted to 50 mL. The total concentrations of Mn, Cr, Cu,
and  Zn  were  determined  using  ICP-MS  (NexION  350,
PerkinElmer, USA).

XRD analysis was conducted using an XD-6X diffractome-
ter  (Beijing  Purkinje  General  Instrument  Co.,  Ltd.,  China)  to
characterize  the  crystalline  structures  of  raw  sludge,  raw
biomasses,  standalone  HTC  hydrochars,  and  Co-HTC
hydrochars. Before testing, all  samples were ground to below
200 mesh and evenly spread in the sample holder to minimize
the  effects  of  particle  size  and uneven sample  distribution on
diffraction  signals.  XRD  patterns  were  recorded  over  a  2θ
range of 5°–90°, with a tube voltage of 36 kV, a tube current
of  20 mA, and a  scanning rate  of  10 °·min−1.  The crystalline
phases and crystallinity changes of the samples were analyzed
based on the XRD patterns.  

E.  Calculation and Assessment Methods
To evaluate  changes  in  HM contamination  levels,  potential

ecological  risks,  and  bioavailability  in  hydrochars  before  and
after  HTC  and  Co-HTC,  the  environmental  risks  of  Mn,  Cr,
Cu,  and  Zn  in  SS,  H-SS,  and  the  four  Co-HTC  hydrochars
were comprehensively assessed based on total HM concentra-
tions and BCR sequential extraction results.  

E.1  Geoaccumulation Index Assessment
Igeo was used to evaluate the enrichment of HMs in the sam-

ples relative to regional geochemical background values [25].
In  this  study,  the  total  concentrations  of  Mn,  Cr,  Cu,  and  Zn
determined  by  complete  digestion  followed  by  ICP-MS were
used to calculate the Igeo values of SS, H-SS, and the Co-HTC
hydrochars, thereby assessing changes in total HM contamina-
tion  levels  after  HTC and Co-HTC.  The  equation  is  given  as
follows
 

Igeo = log2(Cn/kBn) (1)

where Cn represents the mass concentration of a given HM in

the  sample  (mg·kg−1),  Bn  is  the  regional  geochemical  back-
ground value of the corresponding element (mg·kg−1), and k is
the background correction factor, which was set to 1.5 in this
study. Based on the soil elemental background values of Jilin
Province, China, the background values of Zn, Cu, Mn, and Cr
were  set  as  52,  17,  600,  and  48  mg·kg−1,  respectively [26].
The  classification  criteria  for Igeo contamination  levels  are
listed in Table 1.
  

TABLE 1 
Classification criteria for geoaccumulation index con-

tamination levels

Igeo Contamination level Contamination degree

Igeo ≥ 5 Level 6 Extremely contaminated

4 ≤ Igeo < 5 Level 5 Heavily to extremely contaminated

3 ≤ Igeo < 4 Level 4 Heavily contaminated

2 ≤ Igeo < 3 Level 3 Moderately to heavily contaminated

1 ≤ Igeo < 2 Level 2 Moderately contaminated

0 ≤ Igeo < 1 Level 1 Slightly contaminated
Igeo < 0 Level 0 Uncontaminated

   
E.2  Potential Ecological Risk Index Assessment

In this study, the potential ecological risk index method pro-
posed  by  Hakanson [27] was  modified  by  incorporating  the
BCR  speciation  results  to  evaluate  the  potential  ecological
risks associated with differences in  HM speciation and toxic-
ity response. Based on the F1–F4 contents of Mn, Cr, Cu, and
Zn in SS, H-SS, and the Co-HTC hydrochars, the single-metal
contamination  factor  (Cf),  single-metal  potential  ecological
risk  factor  (Er),  and  RI  were  calculated.  Among  them,
F1+F2+F3  represents  the  relatively  active  or  potentially
mobile fraction, whereas F4 represents the stable residual frac-
tion. The equations are given as follows:
 

Cf =
Ci
Cn

(2)

 

Er = Tr ·Cf (3)
 

RI =
∑

Er (4)

where  Ci  is  the  sum of  HM concentrations  in  the  F1+F2+F3
fractions  (mg·kg−1);  Cn  is  the  HM  concentration  in  the  F4
fraction (mg·kg−1); and Tr is the toxicity response coefficient;
and  RI  is  the  comprehensive  potential  ecological  risk  index.
According to the Hakanson method and its  extended applica-
tions, the Tr values of Cu, Zn, Mn, and Cr were set as 5, 1, 1,
and  2,  respectively.  The  risk  classification  criteria  are  shown
in Table 2.  

E.3  Risk Assessment Code Method
RAC was used to evaluate the bioavailability and migration

risk  represented  by  the  exchangeable  fraction  (F1)  of  HMs
[28]. Based on the BCR sequential extraction results, the pro-
portion of F1 in the total speciation content of Mn, Cr, Cu, and
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Zn in SS, H-SS, and the Co-HTC hydrochars was calculated to
assess the effects of different treatments on HM mobility and
bioavailability. The equation is given as follows
 

RAC =
CF1

n∑
i=1

CF1

×100% (5)

where CF1 is the HM content in the F1 fraction (mg·kg−1), and
∑C  is  the  sum  of  HM  contents  in  all  F1–F4  fractions
(mg·kg−1).  The  RAC  risk  classification  criteria  are  listed  in
Table 3.  

F.  Life Cycle Assessment Method
In  this  study,  LCA was  conducted  to  quantify  the  environ-

mental impacts of different SS-biomass Co-HTC systems. The
LCA model was developed using openLCA software (Green-
Delta),  with  ecoinvent  3.12.1  selected  as  the  background
database [29].  The  ReCiPe  2016 v1.03  Midpoint  (H)  method
was used for life cycle impact assessment [30]. The functional
unit  (FU)  was  defined  as  the  treatment  of  1  kg  of  dry  SS,
enabling  comparison  of  the  environmental  impacts  of  differ-

ent  Co-HTC  systems  in  terms  of  energy  consumption,
resource inputs, and pollutant emissions.

The system boundary was defined as cradle-to-gate and cov-
ered  biomass  acquisition,  feedstock  transportation,  the  Co-
HTC  reaction,  solid–liquid–gas  separation,  and  product  flow
allocation, as shown in Fig. 3. The modeling followed the cut-
off rule and burden-free approach. Since SS is a waste gener-
ated  from  wastewater  treatment,  its  upstream  environmental
burden  was  assumed  to  have  already  been  allocated  to  the
wastewater  treatment  system.  Therefore,  no  additional
upstream  burden  was  assigned  to  SS,  and  the  present  LCA
mainly  quantified  the  incremental  environmental  burdens
associated with biomass acquisition, transportation, water and
electricity  consumption,  and  the  Co-HTC  process.  Biomass
acquisition  and  transportation  were  included  as  upstream
inputs, and differences in feedstock collection and transporta-
tion requirements may affect impact categories such as global
warming,  land occupation,  and resource  consumption.  There-
fore, the results should be interpreted as comparative environ-
mental performances under the functional unit, system bound-
ary, inventory assumptions, and zero-burden approach adopted
in this study.

The  inventory  data  included  feedstock  inputs,  water  and

 

TABLE 2
Classification criteria for single-metal potential ecolog-

ical risk and comprehensive ecological risk

Er
Ecological risk

level RI Ecological risk
level

Er ≤ 40 Low risk RI ≤ 50 Low risk

40 < Er ≤ 80 Moderate risk 50 < RI ≤ 100 Moderate risk

80 < Er ≤ 160 Considerable risk 100 < RI ≤
150 High risk

160 < Er ≤
320 High risk RI > 150 Very high risk

Er > 320 Very high risk

 

TABLE 3
Risk classification criteria for risk assessment code

RAC value Risk level

0%–1% No risk
2%–10% Low risk

11%–30% Moderate risk
31%–50% High risk
50%–100% Very high risk
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Fig. 3.     Life cycle assessment system boundary and material flows of sewage sludge Co-HTC systems with different biomasses.
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electricity  consumption,  product  flow  allocation,  and  product
utilization  pathways.  The  water  input  was  10  L  for  the  stan-
dalone SS system and 20 L for the SS-biomass Co-HTC sys-
tems, while the electricity input was 1.51 kWh for all systems.
The  outputs  of  the  Co-HTC  process  mainly  included
hydrochar,  gaseous  products,  and  liquid  products.  The
hydrochar  was  used  for  solid  fuel  substitution,  the  gaseous
products  were  considered  for  gas  recovery,  and  the  liquid
products were directed to water recovery or wastewater treat-
ment.  Based  on  the  above  material  flows  and  energy  inputs,
the  different  treatment  pathways  were  further  converted  into
environmental  impact  categories,  including  global  warming
potential  (GWP), land occupation potential  (LOP),  and fresh-
water  ecotoxicity  potential  (FETP),  to  quantitatively compare
the  overall  environmental  burdens  of  different  biomass-
assisted treatment systems.  

III.  Results and discussion
  

A.  Heavy Metal Concentration Analysis
Table 4 lists the total concentrations of Mn, Cr, Cu, and Zn

in  raw  sludge  and  biomass  feedstocks,  standalone  HTC
hydrochars, and Co-HTC hydrochars. The HM concentrations
in SS followed the order of Zn > Mn > Cr > Cu. After HTC,
the concentrations of Zn, Mn, Cr, and Cu in H-SS increased by
22.48%,  11.76%,  18.47%,  and  18.72%,  respectively.  This
increase  was  mainly  attributed  to  organic  matter  decomposi-
tion and solid mass loss during HTC, which led to the relative
enrichment  of  HMs  in  the  hydrochar.  Lang  et  al. [10] also
reported that HMs tend to be enriched in the solid phase after
hydrothermal treatment. In addition, organic matter decompo-
sition,  mineral  precipitation,  and  metal  complexation  during

HTC  can  affect  the  dissolution  and  solid-phase  enrichment
behaviors of HMs such as Cu, Cr, and Zn [31].

Compared  with  H-SS,  the  HM  concentrations  in  Co-HTC
hydrochars generally decreased, indicating that biomass addi-
tion helped reduce the solid-phase HM burden in hydrochars.
Among the Co-HTC samples, H-SS&BS exhibited the lowest
total HM concentration, suggesting that the BS system showed
the  most  pronounced  overall  reduction  effect.  This  could  be
partly attributed to the dilution effect caused by the addition of
biomass with low HM contents. Moreover, the relatively high
cellulose  and  hemicellulose  contents  in  BS  can  be  readily
degraded  under  hydrothermal  conditions  to  generate  small-
molecule organic acids and oxygen-containing organics. Func-
tional groups such as hydroxyl, carboxyl, and carbonyl groups
may  influence  HM  migration  and  distribution  through  com-
plexation  or  coordination [32].  In  addition,  Lu  et  al. [11]
reported  that  the  HM contents  in  cellulose  and  hemicellulose
fractions  are  generally  lower  than  those  in  lignin  fractions,
while  biomass  with  higher  lignin  content  may  retain  more
HMs  in  Co-HTC  hydrochars.  Therefore,  compared  with
lignin-rich  biomass  such  as  PS,  co-treatment  of  BS  with  SS
was more favorable for reducing the solid-phase HM concen-
trations in hydrochars.  

B.  Heavy Metal Speciation Analysis
Total  HM  concentrations  alone  are  insufficient  to  accu-

rately  evaluate  their  environmental  mobility  and  ecological
risks.  Therefore,  the  BCR  sequential  extraction  method  was
used  to  analyze  the  chemical  speciation  of  HMs  (F1–F4)  in
SS, H-SS, and the four Co-HTC hydrochars. The relative dis-
tributions of HMs in the F1–F4 fractions across different sam-
ples are presented in Fig. 4, showing the variations in HM spe-
ciation after HTC and Co-HTC treatments.

 

TABLE 4 
Total concentrations of Mn, Cr, Cu, and Zn in feedstocks, HTC hydrochars, and Co-HTC hydrochars

Sample Mn (mg·kg−1) Cr (mg·kg−1) Cu (mg·kg−1) Zn (mg·kg−1) Total (mg·kg−1)

SS 495.145 276.374 193.714 1984.639 2949.872

PS 1.279 0.843 0.425 24.842 27.389

BS 1.328 0.533 0.327 10.438 12.626

SFS 3.225 0.722 0.328 29.322 33.597

WH 25.358 1.372 0.792 73.715 101.237

H-SS 606.451 308.882 229.486 2356.228 3501.047

H-PS 3.313 1.463 0.926 33.774 39.476

H-BS 2.165 1.867 0.433 18.931 23.396

H-SFS 4.339 1.699 0.611 45.668 52.317

H-WH 37.415 2.343 1.338 98.484 139.584

H-SS&PS 340.241 193.522 136.235 1350.654 2020.645

H-SS&BS 310.242 175.613 120.835 1232.014 1838.694

H-SS&SFS 341.231 170.255 132.236 1523.675 2167.387

H-SS&WH 425.322 191.230 163.344 1289.232 2069.233
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In  SS,  the  speciation  distributions  of  different  HMs  varied
markedly.  The  F1+F2  proportions  of  Cr  and  Cu  were  rela-
tively low, at 21.54% and 28.29%, respectively, whereas those
of  Mn  and  Zn  were  much  higher,  reaching  81.59% and
79.57%,  respectively.  This  indicates  that  Mn  and  Zn  mainly
existed in relatively active and mobile fractions in raw sludge,
implying  higher  potential  release  risks.  After  Co-HTC,  the
overall  HM speciation  shifted  from F1/F2  to  F3/F4,  suggest-
ing that biomass addition promoted the transformation of HMs
from active fractions to relatively stable fractions. Among the
treatments,  H-SS&BS  showed  a  pronounced  stabilization
effect on Mn and Zn. The F1+F2 proportion of Mn decreased
from 81.59% to 36.36%, while its F3+F4 proportion increased
from  18.41% to  63.64%.  Similarly,  the  F1+F2  proportion  of
Zn decreased from 79.57% to 34.04%, whereas its F3+F4 pro-
portion increased from 20.43% to 65.96%. These changes may
be  associated  with  organic  matter  decomposition,  functional
group  reconstruction,  and  mineral  phase  transformation  dur-
ing hydrothermal treatment, which could promote the re-bind-
ing of active HMs with organic matter, mineral phases, or car-
bonaceous matrices, thereby reducing their mobility.

The  different  stabilization  behaviors  of  HMs  among  the
biomass-assisted systems may be related to differences in lig-
nocellulosic  composition  and  hydrothermal  degradation  char-
acteristics.  BS  and  SFS  contained  relatively  high  proportions
of cellulose and hemicellulose, which are more susceptible to
hydrolysis  under  hydrothermal  conditions.  Shi  et  al. [33]
found  that  the  hydrothermal  conversion  of  carbohydrates
involved  the  formation  of  oxygen-containing  intermediates
and  α-carbonyl  compounds,  which  subsequently  participated
in condensation and polymerization reactions. Lang et al. [34]
reported  that  the  addition  of  lignocellulosic  biomass  during
Co-HTC  altered  HM  distribution  and  promoted  the  transfor-
mation of HMs into relatively stable fractions through interac-
tions  among  organic  degradation  products,  mineral  phases,
and  the  hydrochar  matrix.  Potential  hydroxyl,  carboxyl,  and
carbonyl  binding  sites  generated  during  biomass  conversion
may also participate in these processes. In contrast, the higher
lignin content of PS may favor the stabilization of Cu and Zn.
Lignin-derived  phenolic  hydroxyl,  methoxy,  and  aromatic
structures  may  provide  relatively  stable  adsorption  and  com-
plexation  sites,  while  the  resulting  aromatic  carbonaceous
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Fig. 4.     BCR speciation distribution of Cr, Cu, Mn, and Zn in SS, H-SS, and different Co-HTC hydrochars.

Wu et al. POWER AND ENERGY FUTURE

Power and Energy Future, 2026, 1, 9650014 8

https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014
https://www.sciopen.com/article/10.26599/PEF.2026.9650014


matrix  may  further  promote  solid-phase  association  and
encapsulation.  Therefore,  the  selective  stabilization  of  differ-
ent  HMs  may  arise  from  the  combined  effects  of  lignocellu-
losic  degradation  products,  potential  oxygen-containing  bind-
ing sites, mineral reconstruction, and carbonaceous matrix for-
mation. These proposed pathways should be regarded as plau-
sible  interpretations  based  on  the  BCR  and  XRD  results
together  with  relevant  literature,  rather  than  direct  identifica-
tion of specific metal-binding structures.

However, WH showed irregular effects on HM stabilization,
particularly  for  Cr,  for  which  the  F1  proportion  increased  in
H-SS&WH. Previous  studies  have  shown that  WH can accu-
mulate  HMs  such  as  Cr,  Cu,  and  Zn [35],  and  its  inherent
metal  burden  may  affect  HM  migration  and  distribution  dur-
ing  Co-HTC.  During  hydrothermal  treatment,  some  HMs
accumulated  in  WH  tissues  or  roots  may  be  re-released  and
retained  in  hydrochars  in  relatively  active  forms,  thereby
weakening its dilution and stabilization effects.

It  should  be  noted  that  the  fractions  obtained  by  the  BCR
sequential  extraction  method  are  operationally  defined  rather
than direct representations of the actual molecular or chemical
forms of HMs. The measured distributions may be influenced
by  reagent  selectivity,  extraction  conditions,  sample  matrix
effects,  incomplete phase separation, and the redistribution or
re-adsorption of  released metals  during extraction.  Therefore,
the  observed  transformation  from F1/F2  to  F3/F4  should  pri-
marily  be  interpreted as  a  reduction in  potential  mobility  and
bioavailability  rather  than  direct  identification  of  specific
metal-binding  structures.  The  proposed  stabilization  mecha-
nisms  should  be  evaluated  together  with  other  characteriza-
tion results.  

C.  XRD Analysis of Co-HTC Hydrochars
The  XRD  patterns  of  raw  sludge,  raw  biomasses,  stan-

dalone  HTC  hydrochars,  and  Co-HTC  hydrochars  are  pre-

sented  in Fig.  5,  where Fig.  5(a)  shows  the  raw  biomasses,
Fig. 5(b) shows the standalone HTC hydrochars, and Fig. 5(c)
shows the Co-HTC hydrochars. The diffraction peaks in the 2θ
range of 13°–18° in Figs. 5(a) and 5(b) were mainly attributed
to  the  ordered  crystalline  regions  of  cellulose  in  lignocellu-
losic  biomass [36], [37].  After  HTC,  these  peaks  became
markedly  weakened  and  broadened,  indicating  that  the
hydrothermal process disrupted the crystalline structure of cel-
lulose  and  other  organic  components,  thereby  reducing  the
crystallinity of lignocellulosic materials.

As shown in Fig. 5(c), SS exhibited a broad diffraction sig-
nal in the 2θ range of 20°–25°, whereas this broad peak weak-
ened  after  Co-HTC,  accompanied  by  the  appearance  of  sev-
eral  sharper  diffraction  peaks.  This  suggests  that  inorganic
mineral  phases  in  sludge  underwent  reconstruction  or  recrys-
tallization  during  the  hydrothermal  process.  Meanwhile,
diffraction signals associated with SiO2 were observed at 2θ =
18°–20° and 21°–23°, indicating that part of the Si in SS may
exist  as  SiO2 or  silicate  minerals.  These  mineral  components
may  provide  potential  active  sites  for  HM  immobilization
through surface adsorption, ion exchange, or mineral encapsu-
lation [38].

Combined with the BCR results, Co-HTC promoted the sta-
bilization of HMs to varying degrees. Specifically, H-SS&BS
showed  better  stabilization  performance  for  Mn  and  Cr,
whereas  H-SS&PS  exhibited  stronger  immobilization  of  Cu
and Zn. Changes in the intensity and morphology of mineral-
phase  peaks  indicate  that  mineral  dissolution,  reconstruction,
and  re-precipitation  may  occur  during  Co-HTC.  These  pro-
cesses  could  provide  potential  sites  for  HM adsorption,  com-
plexation,  co-precipitation,  or  encapsulation.  It  should  be
emphasized  that  XRD  provides  indirect  information  on  the
evolution  of  crystalline  mineral  phases  and  cannot  directly
determine  HM  valence  states,  local  coordination  environ-
ments, or specific metal-binding structures.Therefore, the pro-
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Fig. 5.     XRD patterns of raw biomasses, HTC hydrochars, and Co-HTC hydrochars.
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posed  stabilization  pathways  should  be  regarded  as  plausible
mechanistic  interpretations  supported  by  the  combined  BCR
and XRD results rather than direct identification of HM bind-
ing forms.  

D.   Comprehensive  Assessment  of  Heavy  Metal  Environmen-
tal Risks

To systematically  evaluate  the  environmental  risks  of  HMs
in hydrochars after HTC and Co-HTC, this study conducted a
comprehensive assessment from three perspectives: total con-
tamination,  potential  ecological  risk,  and  bioavailability.
Specifically, Igeo reflects  the  enrichment  of  HMs  relative  to
regional  geochemical  background  values,  RI  evaluates  the
potential  ecological  risk  caused  by  the  combined  effects  of
multiple  HMs,  and  RAC indicates  the  mobility  and  bioavail-
ability represented by the F1 fraction. This multi-index assess-
ment system provides a more comprehensive evaluation of the
actual  effectiveness  of  Co-HTC  in  reducing  HM  risks  in
sewage sludge.  

D.1  Geoaccumulation Index Analysis
The Igeo values calculated based on total HM concentrations

are shown in Fig. 6, with the corresponding contamination lev-
els evaluated according to Table 1. The Igeo values of Mn were
all  below  0,  indicating  an  uncontaminated  level.  In  contrast,
the Igeo values  of  Cr,  Cu,  and  Zn  in  SS  were  1.53,  2.55,  and
4.39,  corresponding  to  moderate  contamination,  moderate-to-
heavy  contamination,  and  heavy-to-extreme  contamination,
respectively. After Co-HTC, the Igeo values of Cr, Cu, and Zn
decreased  to  varying  degrees,  suggesting  that  biomass  addi-
tion  helped  reduce  the  total  HM  contamination  level  in
hydrochars.
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Fig. 6.     Igeo values  of  Cr,  Cu,  Mn,  and  Zn  in  SS,  H-SS,  and  different  Co-
HTC hydrochars.
 

Among  all  treated  samples,  H-SS&BS  exhibited  the  most
pronounced  contamination  reduction.  The Igeo values  of  Cr,
Cu,  and  Zn  in  H-SS&BS  decreased  to  0.65,  1.71,  and  3.58,
corresponding  to  slight  contamination,  moderate  contamina-
tion, and heavy contamination, respectively. This result is con-
sistent  with  the  speciation  analysis  in  Section  3.2:  H-SS&BS
not only reduced the solid-phase HM burden in hydrochars but

also  promoted  the  transformation  of  HMs  from  active  frac-
tions  to  relatively  stable  fractions.  In  particular,  the  F3+F4
proportions  of  Cr  and  Mn  reached  88.58% and  63.73%,
respectively, indicating that BS showed good stabilization per-
formance for Cr and Mn. This may be related to the high cel-
lulose and hemicellulose contents in BS, whose hydrothermal
degradation  can  generate  small-molecule  organic  acids  and
oxygen-containing  functional  groups  that  participate  in  HM
migration  and  stabilization  through  complexation,  coordina-
tion, or precipitation.

As  further  shown in Fig.  4,  the  F1+F2 proportion  of  Zn  in
H-SS&BS decreased from 79.57% in SS to 34.04%, while the
F3+F4  proportion  increased  from  20.43% to  65.96%.  This
speciation transformation indicates that BS addition markedly
reduced the bioavailability and mobility of  Zn,  which was an
important  reason  for  the  reduction  in  its  environmental  risk.
Previous studies have also shown that dissolved organic mat-
ter and oxygen-containing functional groups generated during
hydrothermal  treatment  can  participate  in  HM  complexation
and  stabilization [39].  Therefore,  the  H-SS&BS  system  may
promote the transformation of Zn from active fractions to rela-
tively  stable  fractions  through  organic  complexation,  mineral
association,  and  solid-phase  encapsulation,  thereby  reducing
its potential ecological risk.  

D.2  Potential Ecological Risk Index Analysis
The potential ecological risk assessment results are shown in

Fig.  7,  with  risk  levels  classified  according  to  the  criteria  in
Table 2. The Er values of Mn and Cr were both below 40, indi-
cating  low  ecological  risk  under  the  assessment  framework
used  in  this  study.  Specifically,  the Er values  of  Mn  ranged
from  0.356  to  0.906,  suggesting  a  low  potential  ecological
risk.  Although  the Er values  of  Cr  were  higher  than  those  of
Mn,  they  remained  below  40.  It  should  be  noted  that  the
potential  ecological  risk  index  was  originally  developed  for
assessing  heavy  metal  contamination  in  sediments.  When
applied to matrices such as sludge and hydrochars, the results
should be interpreted comprehensively by considering sample
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Fig. 7.     Er and RI of Cr, Cu, Mn, and Zn in SS, H-SS, and different Co-HTC
hydrochars.
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characteristics, background value selection, and speciation dis-
tribution [40].

Compared with Mn and Cr, Cu and Zn contributed more to
the potential ecological risk. The Er values of Cu in SS and H-
SS  were  44.026  and  52.156,  respectively,  corresponding  to  a
moderate ecological risk level, indicating that standalone HTC
did not  effectively reduce the potential  ecological  risk of  Cu.
After  Co-HTC,  however,  the Er values  of  Cu  in  all  Co-HTC
hydrochars  decreased  below  40,  reaching  the  low  ecological
risk  level.  A  similar  decreasing  trend  was  observed  for  Zn.
Among  the  treatments,  H-SS&BS  exhibited  the  most  pro-
nounced  reduction,  with  the Er value  of  Zn  decreasing  from
31.5 in SS to 17.9, suggesting that BS addition contributed to
reducing the potential ecological risk of Zn.

The RI results showed that H-SS had the highest RI value of
99.975, corresponding to a moderate ecological risk level and
approaching  the  upper  limit  of  this  category.  This  indicates
that HM enrichment and the retention of some active fractions
in  hydrochar  after  standalone  HTC  may  increase  the  overall
ecological risk. In contrast, the RI value of H-SS&BS was sig-
nificantly lower than those of the other treated samples,  indi-
cating that BS showed better performance in reducing compre-
hensive  ecological  risk.  As  shown  in Fig.  4,  H-SS&BS
markedly promoted the transformation of Mn, Cr, and Zn from
active  fractions  to  relatively  stable  fractions.  Specifically,  the
F1+F2  proportions  of  Mn  and  Zn  decreased  from  81.59% to
36.36% and  from  79.57% to  34.04%,  respectively,  while  the
F3+F4  proportion  of  Cr  reached  88.58%.  These  speciation
transformations  reduced  the  mobility  and  bioavailability  of
HMs,  which  was  a  key  reason  for  the  decreased  comprehen-
sive ecological risk of H-SS&BS.

Overall,  the  lower  RI  value  of  H-SS&BS  was  mainly
attributed  to  the  stabilization  of  Mn,  Cr,  and  Zn  induced  by
BS. The high cellulose and hemicellulose contents in BS could
generate small-molecule organic acids and oxygen-containing
functional groups during hydrothermal treatment, thereby pro-
moting  the  transformation  of  HMs  from  F1/F2  fractions  to
F3/F4 fractions through complexation, coordination, precipita-
tion, or mineral association. Therefore, under the conditions of
this study, the H-SS&BS system effectively reduced the com-
prehensive ecological risk of sludge-derived hydrochars.  

D.3  RAC Analysis
According to the RAC results in Fig. 8 and the risk classifi-

cation criteria in Table 3, the bioavailability risks of different
HMs varied markedly. The RAC values of Cr were below 1%
in  all  samples,  indicating  an  extremely  low  F1  proportion,
weak  mobility  and  bioavailability,  and  a  no-risk  level.  The
RAC  values  of  Cu  ranged  from  4.696% to  9.653%,  corre-
sponding  to  a  low-risk  level,  which  was  associated  with  its
predominant  occurrence  in  relatively  stable  fractions  such  as
F3 and F4. In contrast, although Mn showed low total contam-
ination and low potential  ecological  risk according to the Igeo
and Er assessments, respectively, its RAC results indicated rel-
atively  high  risks,  with  some  samples  reaching  high  or  very

high risk levels. This was mainly because RAC is determined
based on the F1 proportion, and Mn exhibited a relatively high
F1 proportion in SS and some HTC samples. Previous studies
have also emphasized that RAC values are useful for evaluat-
ing heavy metal  mobilization in solid environmental  matrices
[41]. Specifically, the F1 proportion of Mn reached 36.51% in
SS and even exceeded 50% in  H-SS.  Therefore,  although the
overall environmental burden of Mn was relatively low, it may
still  present  certain  short-term  bioavailability  and  migration
risks.
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Fig. 8.     RAC  of  Cr,  Cu,  Mn,  and  Zn  in  SS,  H-SS,  and  different  Co-HTC
hydrochars.
 

Zn  should  also  be  highlighted  in  the  RAC  assessment.
Owing to its high concentration in SS and hydrochar samples,
changes  in  the  active  fractions  of  Zn  directly  affected  its
potential ecological risk. After Co-HTC, the RAC value of Zn
decreased from the high-risk range (31% < RAC < 50%) to the
moderate-risk range (11% < RAC < 30%), indicating that Co-
HTC reduced the exchangeable proportion of  Zn and thereby
weakened its bioavailability and migration risk.

Overall,  The  three  assessment  indices  describe  different
aspects of HM environmental risk. Igeo mainly reflects the total
enrichment of HMs relative to regional background values and
is  useful  for  evaluating  the  overall  contamination  level.  RI
considers both potentially mobile fractions and metal-specific
toxicity responses, thereby reflecting potential ecological risk.
RAC is  based exclusively on the F1 proportion and therefore
provides  a  more  direct  indication  of  short-term  mobility  and
bioavailability.  However,  each  method  has  inherent  limita-
tions. Igeo may be affected by dilution, solid mass loss, and rel-
ative  enrichment  during  HTC,  while  RAC  does  not  consider
total  HM concentration  or  toxicity  differences.  RI  provides  a
broader risk perspective but remains dependent on the selected
speciation-based  calculation  framework  and  toxicity  coeffi-
cients.  Therefore,  no  single  index  can  be  regarded  as  univer-
sally optimal for Co-HTC products. The combined use of Igeo,
RI, and RAC provides a more comprehensive assessment from
the  perspectives  of  total  contamination,  potential  ecological
risk, and bioavailability.  
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E.   Life-Cycle-Based  Comprehensive  Environmental  Impact
Assessment

HM risk assessment and LCA evaluate different but comple-
mentary  aspects  of  environmental  sustainability. Igeo,  RI,  and
RAC are based on the total concentrations and speciation dis-
tributions of HMs retained in hydrochars and therefore mainly
reflect product-level environmental safety, including contami-
nation,  ecological  risk,  mobility,  and  bioavailability.  In  con-
trast,  LCA  evaluates  system-level  environmental  burdens
associated  with  biomass  acquisition,  transportation,  energy

and material inputs, process emissions, and product utilization
[42], [43]. It should be noted that toxicity-related indicators in
LCA  are  calculated  from  life-cycle  inventory  emissions  and
characterization  factors,  whereas  the  BCR-based  risk  indices
reflect  the  potential  mobility  and  bioavailability  of  HMs  in
hydrochars.  Therefore,  the  two approaches cannot  be directly
equated, but their combined application provides a more com-
prehensive evaluation of  both product  safety and overall  pro-
cess  sustainability. Fig.  9 presents  the  multi-indicator  LCA
results of the different Co-HTC systems.
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Fig. 9.     Life cycle assessment results of different sludge–biomass Co-HTC systems across multiple environmental impact categories: (a) freshwater eutrophica-
tion potential (FEP), (b) SOP, (c) TETP, (d) water consumption potential (WCP), (e) FETP, (f) HTPc, (g) terrestrial acidification potential (TAP), (h) marine
ecotoxicity potential (METP), (i) GWP, (j) FFP, (k) LOP, and (l) HTPnc.
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Overall,  the environmental impacts varied markedly among
the  Co-HTC  systems  with  different  biomasses.  H-SS&SFS
and  H-SS&BS  showed  lower  values  in  most  impact  cate-
gories, especially GWP, fossil fuel potential (FFP), and toxic-
ity-related indicators,  suggesting that the addition of SFS and
BS helped reduce the overall environmental burden of the Co-
HTC  systems.  Compared  with  H-SS,  the  higher  heating  val-
ues of H-SS&SFS and H-SS&BS increased by approximately
47% and 46%, respectively, indicating that their improved fuel
quality and energy recovery potential could partially offset the
environmental  burdens  associated  with  process  energy  con-
sumption [44].  Specifically,  the  GWP  values  of  H-SS&SFS
and H-SS&BS were 2.2156 and 2.2690 kg of CO2-Eq, respec-
tively,  both  lower  than  that  of  H-SS  (2.3971  kg  of  CO2-Eq).
Their  FETP  values  were  0.1179  and  0.1232  kg  of  1,4-DCB-
Eq,  and  their  terrestrial  ecotoxicity  potential  (TETP)  values
were 2.6712 and 2.7476 kg of  1,4-DCB-Eq,  which were also
lower than those of H-SS, respectively (0.1330 and 2.9443 kg
of  1,4-DCB-Eq).  Similar  trends  were  observed  for  human
toxicity  indicators.  The  human  toxicity  potential,  cancer
(HTPc) values of H-SS&SFS and H-SS&BS were 0.2731 and
0.2836  kg  of  1,4-DCB-Eq,  respectively,  while  their  human
toxicity potential, non-cancer (HTPnc) values were 2.7319 and
2.8791 kg of 1,4-DCB-Eq, respectively, all lower than those of
H-SS.  These  results  indicate  that  the  two  systems  had  lower
environmental  burdens  in  ecological  and  human  toxicity-
related categories.

In  contrast,  H-SS&WH  showed  higher  burdens  in  several
impact  categories,  particularly  LOP and  surplus  ore  potential
(SOP).  The LOP value of H-SS&WH was 0.7018 m2·a crop-
Eq, which was substantially higher than that of H-SS (0.0355
m2·a crop-Eq) and also much higher than those of H-SS&BS
and  H-SS&SFS  (0.0573  and  0.0899  m2·a  crop-Eq,  respec-
tively).  As  a  typical  aquatic  plant,  WH  depends  strongly  on
aquatic  space  during  growth  and acquisition.  Under  the  LCA
inventory and system boundary defined in this study, its feed-
stock  acquisition  process  was  assigned  a  higher  occupation
burden,  thereby  increasing  the  LOP  value.  In  addition,  the
SOP value  of  H-SS&WH was  0.0212  kg  Cu-Eq,  higher  than
that  of  H-SS (0.0144 kg Cu-Eq),  indicating that  the WH sys-
tem  also  imposed  a  higher  mineral  resource-related  burden.
Previous studies have shown that the LCA results of HTC sys-
tems are sensitive to system boundaries, functional units, feed-
stock acquisition routes, and product utilization pathways [45],
[46]. Therefore, these results should be interpreted in the con-
text of the modeling assumptions adopted in this study.

Emission-related  indicators  such  as  GWP  were  mainly
affected  by  system  energy  consumption.  During  Co-HTC,
maintaining  the  reaction  temperature  and  transporting  feed-
stocks  require  energy  inputs.  If  the  energy  is  mainly  derived
from  fossil  fuels,  greenhouse  gas  emissions  will  increase.  In
contrast,  SOP  mainly  reflects  the  mineral  resource  burden
associated  with  resource  and  material  inputs  within  the  sys-
tem. SFS and BS have relatively high organic matter contents

and energy recovery potential,  which can partially offset pro-
cess energy consumption by improving hydrochar fuel quality.
In  contrast,  the  high  moisture  content  of  WH  may  require
additional dewatering or drying energy, thereby increasing its
related  environmental  burdens [47].  For  toxicity-related  indi-
cators  such  as  FETP,  TETP,  and  HTPc,  their  variations  are
associated with pollutant emissions in the life-cycle inventory
and the potential migration risks of HMs. Combined with the
BCR results  in  Section  3.2,  SFS  and  BS promoted  the  trans-
formation  of  HMs  from  F1/F2  fractions  to  F3/F4  fractions,
reducing their potential  release risks.  This may partly explain
the decrease in toxicity-related indicators.  Nevertheless,  LCA
toxicity indicators are calculated based on life-cycle inventory
emissions  and  characterization  factors,  whereas  BCR  results
mainly reflect HM mobility and bioavailability; therefore, the
two should not be directly equated.

A  reduction  in  HM  risk  does  not  necessarily  guarantee  an
improvement in overall environmental performance. Although
enhanced  stabilization  can  reduce  the  mobility  and  bioavail-
ability  of  HMs  in  hydrochars,  additional  environmental  bur-
dens may arise  from biomass acquisition,  transportation,  dry-
ing,  electricity  consumption,  water  use,  and resource  occupa-
tion.  Consequently,  a  treatment  system  with  favorable  HM
immobilization  may  still  exhibit  relatively  high  life-cycle
impacts,  indicating  a  potential  transfer  of  environmental  bur-
dens  from  the  product  stage  to  upstream  or  process  stages.
Under  the  system  boundary  and  inventory  assumptions
adopted  in  this  study,  the  BS  and  SFS  systems  showed  rela-
tively  favorable  performance  in  both  HM  risk  reduction  and
most  LCA  impact  categories.  In  contrast,  the  WH  system
exhibited  higher  LOP  and  SOP  values,  demonstrating  that
biomass-specific upstream burdens may offset part of the envi-
ronmental benefits obtained from HM stabilization. Therefore,
LCA  is  required  as  a  complementary  tool  to  determine
whether  product-level  risk  reduction  is  accompanied  by
improved system-level environmental sustainability [47], [48].  

IV.  Conclusions

This  study  systematically  investigated  the  migration,  trans-
formation,  speciation  evolution,  and  environmental  risk
changes  of  HMs  during  Co-HTC of  SS  with  four  lignocellu-
losic  biomasses,  namely  PS,  WH,  SFS,  and  BS.  The  results
showed that  after  standalone HTC, the concentrations of  Mn,
Cr,  Cu,  and  Zn  in  H-SS  increased  due  to  organic  matter
decomposition  and  solid-phase  enrichment.  In  contrast,  the
introduction of biomass generally reduced the solid-phase HM
burden in Co-HTC hydrochars. The BCR results indicated that
Co-HTC  promoted  the  transformation  of  HMs  from  active
F1/F2 fractions to relatively stable F3/F4 fractions. H-SS&BS
showed  better  stabilization  performance  for  Cr  and  Mn,  with
F3+F4 proportions reaching 88.58% and 63.73%, respectively,
whereas  H-SS&PS  exhibited  the  best  immobilization  perfor-
mance for Cu and Zn, with F3+F4 proportions of 83.30% and
70.93%,  respectively.  The  combined  BCR  and  XRD  results
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provided indirect evidence that organic matter transformation,
mineral phase reconstruction, and carbonaceous matrix forma-
tion  may  jointly  contribute  to  the  complexation,  adsorption,
and  immobilization  of  HMs.  Risk  assessment  results  showed
that Igeo, RI, and RAC generally decreased after Co-HTC, with
the Igeo values  of  Cr,  Cu,  and  Zn  in  H-SS&BS decreasing  to
0.65,  1.71,  and  3.58,  respectively.  The  LCA  results  further
demonstrated that the environmental performance of Co-HTC
was  jointly  affected  by  HM  stabilization  and  upstream  pro-
cesses such as biomass acquisition and transportation, with the
BS and SFS systems exhibiting relatively better  overall  envi-
ronmental benefits.

Nevertheless,  the  immobilization  mechanisms  of  HMs  in
this  study  were  mainly  inferred  from  the  BCR  and  XRD
results,  while  direct  evidence  regarding  metal  valence  states
and  microscopic  binding  environments  remains  insufficient.
Future  studies  should  employ  X-ray  photoelectron  spec-
troscopy  (XPS)  and  X-ray  absorption  spectroscopy  (XAS)  to
further verify the proposed immobilization pathways. In addi-
tion,  this  study  was  conducted  only  under  the  conditions  of
230 °C, 60 min, and an SS/biomass mass ratio of 1:1. Further
optimization of reaction parameters,  together with continuous
operation  data  and  more  comprehensive  LCA  scenarios,  is
needed to evaluate the engineering application potential of Co-
HTC technology.  
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