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‘ N A glance at future renewable energy systems

* Multiple sectors will require diverse renewable fuels
and

* Fuels with high storage capacity will be required to grant
temporal flexibility

Thus, sole heat and power production from biomass will not be
appropriate: biomass conversion has to shift towards the synthesis
of versatile, storable, transportable fuels

Heraklion, June 2019 Lorenzo Menin
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" High wollumettic enexgy content :
WsHVcy,: 33 MJ/Nm? vs LHVy,: 10 MJ/Nm?

= Exitime tanypont and storage infrastrueture

= Eetiiished Combustion and Comversion
B A0S SEELOrS

«Natural gas offers many potential benefits [...] given limits to how quickly renewable energy
options can scale up and that cost-effective zero-carbon options can be harder to find in some
parts of the energy system. The flexibility that natural gas brings to an energy system can
also make it a good fit for the rise of variable renewables such as wind and solar PV
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CO, + 4H, & CHy + H,0
CO + 3H, & CHy + H,0
4C0 + 2 H,0 & CHy + 3 CO,

A . .
Catalytic methanation

. * Operating temperatures: 300-550 °C
* Operating pressures: 1-100 bar
* Risk of catalyst poisoning

v

Substitute natural gas

\ 4

Carbon
monoxide
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Biological methanation

* Operating temperatures: 35-70 °C

Carbon
dioxide

* Operating pressures: atm or higher
* Tolerance to feed impurities

CO, CQp RENAOIVHTRHEART(ORATIOS CATALYTIC OR BIOLOGICAL METHANATION
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Key feasibility questions ik,

1. Yield of biomethane?

2. Overall production capacity?
3. Energy efficiency?

4. Product minimum selling price?

D. Desirability of biomethane compared to hydrogen?

Heraklion, June 2019 Lorenzo Menin
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Study objectives

Define a Biomass-to-Biomethane system (A) and a Biomass-to-
Hydrogen system (B), both supplemented by water electrolysis.

And for both systems:

Estimate the system mass balance and production capacity

Estimate the system energy balance and efficiency

Estimate the minimum selling price of the products

W o=

Identify system optimization requirements

Heraklion, June 2019 Lorenzo Menin
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Process section  Parameter Value Reference
o Cold gas efficiency calculated on syngas 72% Ptasinski (2015)
Dual fluidized |4yer heating value
bed gasifier
Share of excess electricity input 30%
Alkaline water Technical assumption
electrolysis Share of grid electricity input 70%
Specific electrical consumption 4.6 kWh/Nm* H,  Guillet and Millet (2015)
Biomethanation Hydrogen conversion rate 97% Rachbauer et al. (2016)
Methane recovery rate 90% Augelletti et al. (2017)
Pressure swing
adsorption Hydrogen recovery rate 85% Yao et al. (2017)
Low-temperature carbon monoxide 47%
., CODVErsion rate Thermodynamic model in Matlab
Water-gas shift ) . :
: with empirical correlations based on
reforming —— : .
High-temperature carbon monoxide 59% literature data

conversion rate
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Parameter Value

General financial assumptions

Plant lifetime 20 years
Tax rate 35%
Discount rate 7%

Materials, utilities, labor

Biomass cost 100 €/t
Char disposal cost 150 €/t
Labor 24.87 €/man-hour
Natural gas 0.03 €/ kWh
Full-price electricity 0.09 €kWh
Surplus renewable electricity 0.05 €kWh
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System Product Input Output
ID type
Biomass Liquid water Steam Biomethane Hydrogen
kg/day Nm?day kg/day
A Biomethane 60,800 1,160 103,217 26,999 -
B Hydrogen 60,800 1,160 103,217 - 4,037

Important comparisons

Tiypircall prediction of BEuopean anaerobic digestion biomethane plant: 12,000 - 14,000 Nmw/day of
kﬂ hnettiene
bea
Tiypicall ddnsomptioptodnbef dprap @anmonippro guatioct plaptahe:0] G00008 F30600KE/ Bayday
Thypitcall ddn oomptioptainbefr dpeap eih i nefiyre?(;, W)0080030000K8) #gyday
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System ID  Product type Hydrogen Yield on dry biomass | Yield on carbon or hydrogen
utilization
Nm?® SNG/kg biomass mol CH,/mol C
A Biomethane 97.5% 0.44 0.45
kg H,/kg biomass mol H,/mol H,
B Hydrogen 85.0% 0.07 0.35

Major conversion limitations with respect to carbon (A) and hydrogen (B) inputs

ragassA: ~ caitvom lesses iim 6@ykkingbing

memm:-—ltgdh@gen llesses iim PSA taill gas

- steamsteamearsine tiioidiiontairogadifigasiticandveatd wgas sigs séidrneiiogming
~ Ioisturre removal

Heraklion, June 2019 Lorenzo Menin



e : : s B
Freie Universitat Bozen -

unibz Libera Universita di Bolzano o o fo e
== Free University of Bolzano SYStem energy balance and EfflClency E%.
System ID Product type Energy input Energy Efficiency
output
Biomass Thermal Electrical Product Cold gas
LHV efficiency
MW -

A Biomethane 2.1 2.3 10.2 58.4%
B Hydrogen 13 0.8 1.5 5.6 36.6%

Energy recovery from PSA tail-gas combustion in Process B

@ctricity: 1.39 MW
High-temperature heat: 2.91 MW
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Energy consumption (MWh/day)

System A (Biomethane)
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Breakdown of process energy requirements

4

4

Greatest electrical energy requirements

1. Gas compression (42%)
2. Gasification (29%)
3. Pressure Swing Adsorption (13%)

Greatest thermal energy requirements

1. Gasification steam (64%)
2. Water-gas shift steam (28%)
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Energy consumption (MWh/day)

System B (Hydrogen)
100,0 , Greatest electrical energy requirements

1. Gas compression (45%)
3147 2. Gasification (23%)
3. Pressure Swing Adsorption (19%)
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Minimum selling price Current market prices
Product unit Energy unit Product description Product unit
System Product price

Biomethane from AD of waste and

3
by-products 0.83 €/Nm

A Biomethane 2.37 €/ Nm?

B Hydrogen

M Through biomass gasification and CHP production; ® Before delivery
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= Free University of Bolzano Product minimum selling price and current market prices
Minimum selling price Current market prices
Product unit Energy unit Product description Product unit
System Product price

Biomethane from AD of waste and

3
by-products 0.83 €/Nm
A Biomethane 2.37 €/ Nm? 0.26 €/ kWh
Biomass-derived® renewable 0.16 € kWh —
electricity 0.27 €/ kWh

B Hydrogen

M Through biomass gasification and CHP production; ® Before delivery
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= Free University of Bolzano Product minimum selling price and current market prices
Minimum selling price Current market prices
Product unit Energy unit Product description Product unit
System Product price

Biomethane from AD of waste and

3
by-products 0.83 €/Nm
A Biomethane 2.37 €/ Nm? 0.26 €/ kWh
Biomass-derived® renewable 0.16 € kWh —
electricity 0.27 €/ kWh

B Hydrogen | 15.45® €/kg  0.46 €kWh

M Through biomass gasification and CHP production; ® Before delivery

Heraklion, June 2019 Lorenzo Menin
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Product minimum selling price and current market prices

Minimum selling price

Current market prices

Product unit Energy unit Product description Product unit
System Product price
Biomethane from AD of waste and 0.83 €/Nm?
by-products
A Biomethane 2.37 €/ Nm? 0.26 €/kWh
Biomass-derived® renewable 0.16 € kWh —
electricity 0.27 €/ kWh
Technical grade. hydrogen (before 8.54-10.98 €/kg
delivery)
B Hydrogen 15.45@ €/kg 0.46 €/kWh

Technical grade hydrogen (after mid-

range delivery) 11 - 13 €/kg

Heraklion, June 2019
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Among the two systems analyzed:

1. Biomass-to-Biomethane (system A) shows
a) a higher yield on biomass
b) a more efficient utilization of the hydrogen input
c) an overall higher cold gas efficiency production capacity

2. Biomass-to-Hydrogen (system B) offers better heat integration
opportunities, thanks to PSA tail gas combustion

Heraklion, June 2019 Lorenzo Menin
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3. The renewable energy subsidies required to make syngas biomethanation
feasible are comparable with those currently in place for on-site syngas
combustion for CHP in Italy

4. Biomass-to-Biomethane provides higher production capacities and
lower delivery costs than hydrogen purification: better option for biomass
gasification

5. Key process optimization areas include:
a) Steam-to-hydrogen conversion in gasification and syngas reforming processes
b) Process operation at lower pressures to reduce power inputs
C) Better heat integration in Biomass-to-Biomethane processes

Heraklion, June 2019 Lorenzo Menin



=== Freie Universitat Bozen \0\«,:‘*
Unibz Libera Universita di Bolzano

=== Free University of Bolzano ACkHOWlEdgementS ’g o

o,
A\ 2
®

The authors would like to thank a group of industrial professionals for -
their useful advice:

* Simone Menato (Sebigas)
* Florian Irschara (BTYS)

* Alberto Dicorato (Sulzer)

® Massimiliano Coslovich and Marco Possenelli (SIAD)

Heraklion, June 2019 Lorenzo Menin



=== Freie Universitat Bozen
Unibz Libera Universita di Bolzano
=== Free University of Bolzano

Thank you

Lorenzo Menin
Bioenergy & Biofuels Lab

Free University of Bolzano

lorenzo.menin@natec.unibz.it

Heraklion, June 2019 Lorenzo Menin



=== Freie Universitit Bozen ““

gl Rttt System A: Biomass-to-Biomethane g‘;

f
[|:' ':II ! R CL-13
L cgon d To + | CL-14 .

+—PSA tail gas CL-15

|
1 .
atmosphere o | | I
. | . |
— Heat stream —  —p —{Fas stream —e —-Electricity — I | ! | | |
: : 1 .
L I | ! :
. ' ! I ! i |
C: Compressor — CL: Coolingline — E: Heat exchanzer I 1 J - | i
&= + . CL-18 CL-17 I | " I
I .=|I CcL-20 cL-1g ! ! I : | !
| I I | f | ! —Bicga |
I ! I I I 1 '
I . I . i |
To . 1 . | -
I : = — . # I
grid Biomethgne I I / :
+ Erl I 1 Trickl&b-!?d bioreactor
29,999 Nm3/d |
: i I . E-08 I :
. PSA
*+ : | _Sje _ B c-03 ! !
I —_—— i — . a I I
Biomass | 1 |
1
50,800 kg,/d CL-12 — N e —
I
| To
| Steam generator atmosphere
team @ Water ng
79,040 kgfd Electrohlszer
— = CL06- —  — - — - — - -
1 L ! I .
Gasifier |
. P-168 -1 N
I Z ; I
|
|
E I
1 1 j—/ c-01 | — i |
cL-11 Bagfilter  oter scrubber E-Os : . I I
1 Tar scfubber ! HT WGs I LT WGS | GO2scrubber :
| " : | E406
! I i . To
Raw syngas 1 | i I | | atmosphere
'''''''' - 1 i : : |
. ! - CL-02 .
I I ?'-"':'5 cL-os | | I
. N 1 . . N
| . . ] 1
i CL-O7 I | i ! CL-01
. | 1 N | 1
. CL-08 . Steam | ! :
Cyclone E‘?l E‘!D2 - i i Steam | | i |
| I | 4,484 kg/d | 19,692 kg/d I cl-ga i
. i .
-
] : +




=== Freie Universitat Bozen

B e System B: Biomass-to-Hydrogen

Water

Biomass I
1,160 kg/d

50,800 kg/d

To
. atmosphere

Steam generator
team @, Water ng

79,040 kgfd Electrohrzzer
— = CL-0§ " — - — — - —- -

- i i
] /-'J: .
Gasifier i -~ ;
- P-158 P-167-
1 ;
! ' c-01 L E_O'4
Bag filt . .
! cL-11 SETIET \water scrubber E—OIB . !
1 1 Tar scfubber ! HT YWGSs | | ! .
i ! ! i o _ |
Raw syngas i I | I | I ! atmosphere
b —of=== | : ! ,
I : CL-05 : i
i ! | 7 CL—D? I I [ Hal
! 1 ' 1 1 1
I i CL-07 I | i ! CL-01
. ! . I | . : | I
Cyclone I E-p1 Eq02 cL-o8 n Steam ; Steam ! I i | =
I - i I 4,484 kg/d : 19,692 kg/d ' cl-oa i
: 1 . - | .
- I | 1 1 i ! <+ '
Char 1 ! R | e
. Purified H2
355 kesd , cL-1o  cL-os . e
e p—— = - — —-—-- - == — —CL-22— — — — — - — - — - —— o — - —— o — 1
i I : ; PSA
. | -+
|
! \?/‘ /—J\ Tail gas
! e-11 4
ST T T T T T CHPheatstream~ — T T T — ' — — T — — o T T T T _'_"i_'_'_ - = C‘GB; f
== CHP electricity == = = == = =] = = —mmmmrmr o = D
i 1 R
Process e lectricity - To 1 CHP
atmosphere -
1
cL-21
1
1
To
delivery + ﬁh‘ H 2
4,037 kg/d

Heraklion, June 2019 Lorenzo Menin



e Freie Universitat Bozen
unle Libera Universita di Bolzano

—  Free University of Bolzano Product minimum selling prices in similar systems
This study Previous studies
Minimum Process Adapted unit prices Ref. Notes
Process selling price
0.5 €/Nm? Gassner and
Maréchal (2008)
; i i e Surplus electricity
H?;‘;};f;;iln 2.37 €/Nm? m(e:talfgil};li((:)n cost. 0.01 €/cWhiys.
0.65 €/Nm3 Rivarolo and 0.05 €/kWh
Massardo (2013) e Biomass cost 40 €/t
vs. 100 €/t
Biomass cost 30% of
3.71 €/kg Hulteberg and biomass cost in this
Karlsson (2009)
Hydrogen Hydrogen study
e 15.45 €/kg e
purification purification Biomass cost 90% of
3.1-3.4 $/kg Salkuyeh et al. (2017) biomass cost in this
study
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- Wikt sift i onlky feaction taking plaes: CO + H,0 < €O, + H, : : ,
- PighsapssiieWES: 359 °€; Low-temperature WES: 306 °€ Seaction SCOrEation function

type
Iteration set-up in Matlab with Cantera thermodynamic database High ditisrss Sditine ~ Rauch et
. - s High Ay = 745.8exp(—0.027)
Adiialbatic process assumption: Hreea = Hproduct temperature | wmemme  i-ose o« al.
WGS Low Ay = 6.26 exp(—0.01 T) Jjong et (2015)
temperature (R2 = 0.97) al.
WGS (2014)
Set Matlab iteration e e e SRS
LOW Reac:;;lel Correlation function - Jeong et
High Ay = 74:2.3_ceyép59—0.02 ) aR?uch et al
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F;arﬁlaibal@@" i reactor temperature m Kreal(T)< Xeq(T) J

* eddilibrig brivasionversion
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