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Session |- Introduction to hydrothermal conversion

This session will cover:
» What is hydrothermal conversion
» Types and yields of products
» Properties of water

» Types of feedstocks
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Session 2- Introduction to hydrothermal carbonisation

This session will cover:
» What is hydrothermal carbonisation
> Types of feedstocks

» Properties of products
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Session |- Application of products

This session will cover:
» Application of the solid and liquid products
» Energy Applications
» Agronomic applications

» Resource recovery
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Session |
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Hydrothermal conversion

_ HTC

Carbonisation

Synthetic Coal
(30 MJ/kg)

£ HTL
; Liquefaction

Synthetic Oil
(38-40 MJ/kg)

HTG

Gasification

Syngas
(10-20 MJ/Nm3)
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Hydrothermal conversion

* Hydrothermal conversion involves the processing of organic
material in hot compressed liquid water

* Products depend upon severity of conditions

400 .
Conversion of
~300 Gasification water/biomass slurry at
m .
0
> liquid high pressure
"3‘ 200 | phase
critical point . .
§ 100 ( pom Sometimes in the
,‘;ff;i;” presence of catalysts
0 4(/ . | s =
0 200 400 600

Temperature (°C)
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Thermal hydrolysis

* Hydrolysis performed at temperatures ~ [20-160°C

* Promotes the breakdown of complex molecules into smaller
molecules

400 /\

\ Thermal Hydrolysis
~300 } Gasification
& Products: Slurry made up of
® 500 | gﬁ;ge ~ suspended solids in water. increased
] ofe .
2 (critical point) solubilisation of smaller molecules as
a 100 | vapour temperature increases
\ phase
0 | |
0 200 400 600 e.g. carbohydrate to sugars

Temperature (°C)
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Hydrothermal Carbonisaticn

* Hydrothermal carbonisation is performed at 180°C - 260°C

* Promotes the hydrolysis, condensation and polymerisation of
smaller molecules to produce a carbonaceous char

400
B Hydrothermal carbonisation
~300 Gasification
8 o Products: Hydrochar & water solubles
iqui . . .
£200 | phash Influence of inorganics, solid fuels
§ (critical point) P . £A h
& 100 Jamour rocessing of Aqueous phase
phase Range of feedstocks
0 ! !
0 0 400 600

Temperature (°C)
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Hydrothermal liquefaction
* Hydrothermal liquefaction is performed at 280°C to 375°C

* Promotes the liquefaction of biomass into an oily bio-crude
intermediate

400
- Hydrothermal Liquefaction
~300 Gasification
S i Products: Biocrude & water solubles
o iqui .
2 200 | phase . Catalysis, hydrogen donors
@ (¢ritical point)
& 100 vapour Upgrading and combustion of Oils
0 phase | Algal and sewage sludge feedstocks

0 200 \/400 600

Temperature (°C)
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Hydrothermal gasification
* Hydrothermal gasification is performed >350°C-500°C

* Promotes the production of a gaseous product containing CH,,
CO and H,.

400
» Hydrothermal Gasification

~300 Gasification

8 o Products: Syngas & small amount of

iqui ) . .

5200 | phase residual solid (Char& Inorganics)

0

£ 100 Catalysis, hydrogen and methane

production
0 4!/

Solid and liquid feedstocks

Temperature (°C)
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Hydrothermal conversion

A

Biocrude (38-40MJ/kg)

Accelerating Nature !!

Acceleration of humification, coalification, kerogen formation
(diagenesis), oil formation (catagenesis) and gas fomation.

Syngas (10-20MJ/Nm?3)
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Suitable feedstocks

= Any feedstock can be processed by Agricultural
. residues
hydrothermal conversion

" Well suited for wet feedstocks, removing
the need for drying biomass

Woody

Increasing

M . . . t
= Pumping and feeding an important moisture

consideration

. . .. Aquatic . .
= Biochemical composition effects the biomass Biosolids

. . . manure
behaviour during hydrothermal conversion

Hydrothermal conversion is highly feedstock dependent

UNIVERSITY OF LEED
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Product yields

= Composition of biomass

100 1
~ "/ HYD | HTC HTL HTG effects yield and quality of
) N
2 80 - KX , products
) S ’
U \\\ J’
'g 60 - b ,’ . .
2 . o = High starch/protein
S 40 - . rd content good for hydrolysis
3 # O
e / ’ ’ N . . .
S 20 | P AT s & = High cellulose & lignin
oy ! ”’ ", L= -
= r T ¥3: content good for HTC

0 = _--1"-_“---1 T T 1

0 100 200 300 400 500
Temperature of hydrothermal process (oC) . ngh Llpld content good for
====50lid ===-Solubles ===-Qils ===-Gas HTL
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Types of products

pon TN Emm o

” ~
7/ \
/ * BioCoal * Fuel Oil
/ HTC » Adsorbents » Kerosene HTL
» Soil additive * Diesel
* Reagent + Chemicals
» Catalyst

* Fuel
* Reagent

* Heat HTG

» Biogas

‘\ ALL « Chemicals

\ * Nutrients
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Question and answer
session

* Thank you for listening,

* Any Questions!
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Session 2
Introduction to Hydrothermal Carbonisation
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Hydrothermal carbonisatioh

= HTC converts organic material in hot compressed liquid water
into 3 main products (hydrochar, water solubles & gas).

* |ncreasing interest in treatment of waste streams such as
biosolids and MSW by hydrothermal carbonisation;

Hydrothermal carbonisation (HTC)

400
F Mainly cO2
%‘300 R ication Process — Soluble organics
% liquid Biomass Water ] andinorganics
5200 | phasé + ]
2 (critical point) Water Higher HHV
@ 100 vapour Hydrochar s (25 M/kg),
friable, coal like.
phase
0 ' l .
0 0Q 400 600

180-250°C, 10-40 bar

Temperature (°C)
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Process layout

/ Water recycle \

Hydrothermal
Carbonisation

Wet Feed —p| Pre-treatment [ | p.| Separation |~ Drying |— Hydro-char

Process Heat & ?
Power Integration

Aqueous|Phase

Qrﬁenrs +— AD |g— | /

» Hydrothermal carbonisation can be integrated with anaerobic digestion
enhancing biogas yields.

» Process water recycle influence product yields.

» Product quality, distribution and energetics feedstock dependent.

»  Pilot scale using batch and continuous designs

UNIVERSITY OF LEED
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Technology status
= Technology Readiness Level (TRL 6-7)

= Notable European technology
developers

Terra Nova Energy (Germany)
treatment of sewage sludge
demonstration plant operated in China

CPL plans UK's first commercial-scale
hydrothermal carbonisation (HTC) plant

Terra nova Ultra — Jining/China

Ingelia (Spain)
treatment of waste (agricultural, green, forestry, agro-
industrial, fruit and garden waste

New UK Venture with CPL/Nottingham University

= Solid Fuels, Soil additives, nutrient
extraction

H
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Laboratory studies

Processing

* High pressure batch reactors (80ml to 2 L)
* Process variables (temp, time, loading)
* Conventional vs microwave heating

Characterisation of products

* BioCoal/Hydrochar characterisation
* Fuel properties, agronomic, environmental
* Analysis and treatment of process water

2L reactor 500 ml reactor Feedstocks

* Variable levels of lignin, protein, lipid, ash

H
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Energy densification
& demineralisation to Grasses
high quality bio-coal AGR

Manures

Food
waste

Woody
biomass

_ Algae
Digestate .
biowastes
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Grasses

AGR

Manures

Woody

Food
waste

biomass ,
Increasing

Ash
content

Nutrient immobilisation
or nutrient extraction
Hydrochar or bio-coal ?

Algae &

Digestate biosolids
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Grasses
& DDGS

Manures
Increasing &

Ash sludges
content

Woody

biomass

High ash containing hydrochar

Digestate

UNIVERSITY OF LEED




UKIERI _

UK-India Education
and Research Initiative

Factors effecting hydrochar properties

Composition of feedstock (biochemical & ash content)
Reaction conditions (Temp, time, solid loading)

Reactor considerations (heating rate, recycle, salt removal)

UNIVERSITY OF LEED
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Energy densification

B Raw OHTC2000cC MEHTC2500C

3 1 Torr 240°C » Woody biomass show a high energy
30 Torr 240°C T
densification
i > Typical yields at 200°C ~60-70 wt%
. bio-coal 25 MJ/kg (db)
0 » Typical yields at 250°C ~40-50 wt%

Willow Miscanthis Oak Waod bio-coal 30 MJ/kg (db)

EHTC200 OHTC250
100 -

» Bio-coal more hydrophobic and
0| Torr240°C 1o 5a00C easier to grind (more friable)

Energy densification due to de-oxygenation
due to removal of hydroxyl (-OH), carboxyl
(C=0) and carbon-oxygen bonds (C-O)

Hydrocharyield (db)
(¥, ]
o

Willow Miscanthus 0Oak Wood
A.M. Smith et al./Fuel 169 (2016) 135-145

H
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Feedstock dependency

[ 2000C

20000 1 g2500C

d Research Initiative

& < O 2 e 2 e .

& F L F W @ P &

\} SEEDS & g (-\\(} AR N PN o Q
v * &

» HTC results in significant energy densification but behaviour feedstock dependent

>

Typically significant levels of soluble COD in process waters
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Deoxygenation during HTC

= Deoxygenation results in:

Van-Krevelen Diagram

1.6 1 = Increased Energy Density
14 -
1.2 - = More ‘coal like’ fuel

Raw biomass

HTC 200
2 o8 3 . " Influence of Temperature:

0.6 * Lignite &

(’ HTC 250
0.4 - = Higher HHV

Coals
0.2 -
. = Reduced O/C
0 0.2 0.4 0.6 0.8
o/c = Effects demineralisation

H
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High ash feedstocks

Digestate less attractive for production of ‘Bio-coal’.

30 ~
25 A SS (20% wiv)
100 - - 20
—_ 90 - ---9 - 18
2201 | =~=--©0"" 153
S B Raw 33 15.0 HHV 12
S 15 - B HTC 1500C ol HV 15.1 5
> | HHV T 123
z O HTC 2000C 50 | 102
10 - | _
* m HTC 2500C 40 g O
30 - L 6
5 1 20 A / - 4
10 ~ Lo
0 - 0 O — 5
AGR SS MSW VGF 150°C 200°C 250°C
—— Solid —&— Liquid
—h— Gas -e-T0C

— © - Theoretical TOC
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Products yields

(@) Grass clippings (20%) €) Woodchip (20%) (© Garden hedge (20%)
100 133 100
90 4 T g0 4
BD -
80 - 80 -
~ 70 - = 70 - —~ 70 -
] O 60 - =
60 - R = 60 -
32 50 2 S 50 T -E 50 .
2 S 40 - = 40 -
S 40 - / 2 30 - 2 30-
14 20 - ~ 20 -
20 - 10 - 10 -
10 - 0 " . - —— 0 . —h—————h
0 * T t—_l—_d 1 S'Dnc zmﬂc 25000 1 mﬁc 2m Dc zwﬂc

150°C 200°C 250°C

—a—Solid —»—Liquid ——Gas
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Demineralisation

<
Alkali metals cause problems
in thermal processes

HTC leads to significant
. .. 100
demineralisation r ]

Some extraction
%0 ofNH and PO,*
Reduces ash related problems ~_,
60
Improved properties for 40
combustion and gasification 20
. . il

Potential for recovery of
<&

extracted minerals from water & OQO O¢> (.)\\) oS
& &
>

% extracted
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» Fate of N&P and many other
micronutrients vary and influenced by
‘matrix effects’.

N and P retained in the hydrochar at 250°C

100 ~

Retained in hydrochar (%)

@ phosphorus
90 A
20 AN % Limited amounts of P extracted into
70 A
o water for some feedstocks (e.g. manure
50 and sewage sludge) although others
40 1 behave differently (e.g. microalgae).
30 A
20
10 4 » Significant fraction of N extracted into
0 ' ' ‘ ' process waters ( NH,*, NO; and Org-N)

pig manure chicken litter sewage sludge  microalgae

although N in hydrochar can still be high.

H
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Composition of process waters

* pH range from 3 -6.0

* TOC range from 10,000 — 20,000 mg/L
* C/N ratio from 8-14

* Ammonium [00-400 mg/L

- Phosphate 100-600 mg/L Typical components in process water
Sugars VFA Other
Glucose Acetic acid | Furfural
" Process water typically xylose Formic acid | 4-HMF
contains around 5% Org-N Lactic acid | phenols
mineral matter and 85% VM PO, Citricacid | NH,*
>

Increasing temperature

UNIVERSITY OF LEED
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Integration options

Land management and other residues

(% W ~ -Blendingand loadingratio’s?
. - Process variables?
CHPor HTC blending Applications:

- - Compost material ¥

3 - Solid fuel |
Co-process ‘

Anaerobic EEuETIeEleC iRl Hydrothermal syarochar ‘
Digestion Whole digesate 2 Carbonisation L
- Enviro/agronomic |>\|

upgrode9

Hfgh osh analysise
feedstock - Germination frialse
_Wﬁter - Ash fusion behaviour?
Process water ~ Discharge
+ Nutrient
- Increased inhibitory compounds? Recover ,
- Alfernative freafment methods r
for carboxylate platform?
- Fate of nutnents? Ross and Parmar 2019

- Safely discharge wafer?
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Question and answer session

* Thank you for listening,

* Any Questions!?
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Session 3
Application of the products
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Application of products

Energy carrier
Functionalised
carbons
Adsorbents
Catalyst supports
Soil additive

Solid product

,»'/‘<T_ Hydrophilic
AN Shell

Hydrochar or Biocoal 2

) Hydrophobic

1,

‘ ‘ Energy via AD (CH,, biohythane) [ HMF unit | OO0
Aqueous producﬁ Fermentation (ethanol) 5 ten
Extraction of nutrients (PO,*) re
Sugars, VFA and Source of chemicals (HMF,VFA) %
inorganics.

H
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Opportunities for Hydrochar

HTC = potential pre-treatment for biomass and waste

" Producing a homogeneous product from a heterogeneous
feedstock

= Significant improvement in Combustion and gasification behaviour
= Coal can ‘replace’ coal or can be ‘co-fired’ with coal
= Opportunities in the domestic sector as a blend or as a binder

" Process is largely driven by Waste management

UNIVERSITY OF LEED
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Biomass/biowaste Bio-Coal

= Low bulk density ® = Higher bulk density? ©

» High moisture ® * |ow moisture ©

* Low calorific value ® = High calorific value©

= Hydrophilic ® » Hydrophobic ©

= Difficult to mill ® = Easily friable ©

= Slagging and Fouling = Reduces Slagging and
propensity @ Fouling propensity ©

HTC = potential pre-treatment for biomass
* Combustion and gasification
* Integration with AD

UNIVERSITY OF LEED
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Bio-coal properties

» Increased energy density

Volatile Fixed carbon » Hydrophobic (<4% moisture)

| » Grindability improves (HGI - 177)

burn burn

» Improved handling and storage

More like coal!

Rate of Combustion

0 100 200 300 400 500 600 700

Temperature (°C)
—Miscathus Raw =—HTC 250 —Coal

Burning profile of HTC bio-coal vs biomass and coal

Improved combustion AND gasification performance
7

H
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Demineralisation

Miscanthus
2500 12.5

2000 10.0

7.5

mg/kg fuel
% Ash in fuel

Potassium  Sodium Calcium Magnesium Posphorous Ash

M Raw B HTC200 ®™mHTC250

UNIVERSITY OF LEED
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Ash = metal oxides in fuel

* Can be problematic

* Slagging = melting and fusion of ash in furnace

low temp = ®
high temp (1500°) = ©

— K + Na lower melting temperature

— Ca + Mg increase melting temperature

» Fouling = formation of corrosive alkali chlorides onf§
heat exchangers |

— K+ Na + C| + S problematic

H
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Application of process waters

* 10-15 % original organic matter
* Complex mixture of sugars, organic acids, phenols and inorganic salts
* Recovery of C essential

* Efficiency

*  Waste disposal

a) Extract chemicals!? b) Anaerobically digest?  ¢) Recycle waters!?
CH,
Chemicals — —
N -, AD | HTC
—»| HTC
—,| HTC D | @Coal
Coal
Coall

H
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100
90 A
80 A
70 A
60 -
50 A
40 A
30 A
20 A
10 ~

100 H
90 A
80 A
70 A
60 -
50 A
40 A
30 A
20 A
10 A

% Energy in products

Integration with AD

@ % Energy in BioCoal 0% Energy in Process water

o
1

Oak Wood

Digestate Food Waste Microalgae Macroalgae

@ % Energy in BioCoal 0% Energy in Process water

Oak Wood

Digestate Food Waste Microalgae Macroalgae

UK-India Education
and Research Initiative

= Considerable potential for enhanced energy
recovery from process water by AD

" |nhibition and biodegradability is being
investigated by multiple groups.

Regular

feedstock
Hydrothermal ‘ Storage
w Treatment Anaerobic
100-200°C ‘ Digestion
Alternative

feedstock B ISalid digesate

Recirculation water

* |nhibition is highly feedstock and temperature
dependent.

UNIVERSITY OF LEED
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Formation of inhibitory compounds

_ 180-200°C =~ 200- 220°C 220- 240°C 240- 260°C

Hemicellulose : pentoses

‘ rcoming inhibition
furfuraIC3/C4VFA Overcoming bitio

Is a challenge:

Cellulose hexpses acethaud Hf\iﬂF Ievuliniic/formic
formicacid | glycolicacid = minimise production by
Protein amino aci:tls pyrro?es/pyrazinés acetar;m‘de controlling conditions

| | . pyrolidinones  NH, * Remove or suppress the

effects of inhibition

Lignin i i ' methoxy phenols/phenols

Difficult to predict BMP of process waters as the generation of

150°C furanic compounds, phenols and sugars are different depending
< : upon feedstock and reactor configuration
ugars

|
| Organic Acids >
BUT Generally
| L i > Lower temperature/lower residence times appear best!

H
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Choice of conditions

BMP generally decreases
with temperature
* Inhibition

Methane ~ ®  biodegradability
yields

Balancing Act

Bio-Coal
properties
1O- i Temperature . .
Bio-coal quality generally e This balance is dependent
increases with temperature Retention time upon your favoured end use
* Energy densification and energy considerations

" Ash chemistry
* Handling properties

H
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Bio-coal or Soil additive

HIGH energy density —> Bio-Coal
LOW energy density = Soil Additive

Hydrochars exhibit:

= High functionality— retain nutrients, high CEC,AEC
* Enrichment of P in the hydrochar

= Recalcitrant carbon —sequestration potential

= Labile carbon — high TEOC,WEOC,WEON.

= Safety — PAH low

CHAR TYPE
TEOC Total PAH | WEOC VM
(ng/g) | (me/g) | (ns/g) (%)
SS Biochar 600°C 2900 8.1 109 6.9
SS Hydrochar 250°C | 21400 3.18 2752 20.2

Carboxylic
group

UKIERI _
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fulvic acids

compost-carbon

humic acids

vermiculite

| smectite

Hydrochars

I clay loams

loams and silt loams
Biochars
fine sandy loams

Large complex organic humus
molecule consisting of chains
and rings of mainly carbon and
hydrogen atoms

II:'h;nolicI Alcoholic
YAV hydroxyl
group group

UNIVERSITY OF LEED
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Energy and nutrient cycling

Extractives (sugars, polysaccharides etc)

Hydrothermal
/ SYStem \ /
L %

\ Biofuel
\ ) >~

<—-
/

Nutrients/Fertiliser

UNIVERSITY OF LEED
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Nutrient recovery

HTC
200,250°C
\

Hydrolysis Process Water Washing
170°C <120°C

Biological . er e
10108 Precipitation
recovery

Membrane

: Adsorption
separation

UNIVERSITY OF LEEDS
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Recovery of Nutrients

@ Mg post modified biochar
350 f

Potential for removal of nutrients by O Mg impregnated biomass
o 7300 -
precipitation (Kruse) 0
£ 250
g 200 -
H dependent - £
P P £ 150 A
S 100 -
50 -
_ 0 - .
Struvite (MAP) NH4M8PO46HZO modification method
Formation of Struvite » Magnesium impregnated biochar has high

propensity for phosphate removal.

| Formation of Ca(PO,),
T j i >  Modified from:Takaya et al, Journal of
' 7> 10.7 Environmental Chemical Engineering,2016

H
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Energy considerations

20,000+
| " The energy balance appears better at lower temperatures,
however the composition of the hydrochars needs to be
= 10000 .
q taken into account.
e N
: * Temperature, solid loading and residence time main
2 .
00 variables.
) Overallenergy  Energy consumed
w Net Energy
Reaction produced per Kg per Kg of
-20,000 Balance (MJ)
' of feedstock (MJ)  feedstock (M)

HTC 150 HTC 175 HTC 200 HTC 250
Case 1- Batch 80% Energy Recovery

2.5% Solids

5% Solids

E,; Potential energy from combustion of biogas from AD of process waters 10%Solids

E, . Energy released from combustion of hydrochar 15%Solids

et
E,; Energy recovery from the process waters 17.5% Solids

E,, Energy required to heat the water to the HTC processing temperature 20% Solids

E, ;- Energy lost from vessel during 1 hour processing time 25% Solids

E, Energy loss from vessel as it heats up to HTC processing temp 30% Solids
E, . Net energy taking into account above energies

Energy in char 10.4-12.3MJ, Energy in water from 2.18 -1.1MIJ

UNIVERSITY OF LEED
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Choice of conditions

There are multiple opportunities for treating wet wastes by
hydrothermal conversion.

Can provide multiple benefits
» Reducing waste and digestate enhancement
» Production of Bio-Coal
» Production of Soil additive
» Enhanced biogas yields by integration with AD

Opportunities potentially exist for new developments:
» Nutrient recovery
» Extraction of platform chemicals/humic materials

UNIVERSITY OF LEED
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Challenges of MSWV type wastes

» High levels of heavy metals can contaminate hydrochar and process
waters

» Plastic essentially melts during HTC contaminating product and can
result in processing problems

» Food waste is a promising feedstock with potential for resource
recovery

» The UKIERI/DST project on food waste will compare the HTC
behavior of UK and Indian food waste and investigate the
different applications of the products in the different regions

UNIVERSITY OF LEED
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Question and answer session

* Thank you for listening

* Any Questions!
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