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ARTICLE INFO ABSTRACT

Keywords: This work assesses a chemical plant for the conversion of biogas into negative emission “emerald hydrogen” via
Biogas electrified reforming and CO, separation. Electrification of the reformer allows for enhanced syngas production,
Hydrogen

compact reactor designs and flexible operation, thanks to the avoidance of combustion and heat transfer through
pressure walls. The integration of the process with solar and wind power generation has been assessed by part-
load process simulations and plant sizing and operation optimization through yearly simulations with hourly
discretization. Different European locations with different wind and solar availabilities were assessed considering
(i) short- and long-term cost scenarios for renewables and battery technologies and (ii) different plant size (from
390 to 3900 Nm®/h of biogas capacity). The overarching scope of the paper is to calculate the cost of the pro-
duced hydrogen and the economic value of flexibility for plants installed in different locations, under different
cost scenarios.

At design load, the assessed process consumes 17.7 kWh of electricity per kgyo and retains 96% of the biogas
chemical energy in the produced hydrogen. Additionally, 76% of the biogenic carbon is recovered as high-purity
liquid CO, achieving up to —9 kgcoa/kguo negative emissions.

When powered with 95% of renewable energy, hydrogen production cost ranges from 2.5 to 2.9 €/kg for a
long-term REN cost scenario and large-scale flexible plant to 5.9-7.1 €/kg for a short-term REN cost scenario and
small-scale inflexible plants. For small-scale plants, flexibility allows to reduce the hydrogen production cost by
11-16% with respect to the inflexible plant in the short-term renewables cost scenario and by 1-4% in the long-
term cost scenario. For large-scale plants, the adoption of a flexible plant leads to a reduction of 17-23% of the
hydrogen cost in the short-term scenario and of 6-22% in the long-term scenario.
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A. Nava et al.
1. Introduction

With a biogas and biomethane production of 21 bem, Europe could
have produced 28 Mt of biogenic CO; in 2022. Projections estimate this
potential to grow to 46 Mt by 2030 and 124 Mt by 2050 (with a biogas
and biomethane production of 35 and 95 bcm, respectively) [1-3].
Therefore, introducing processes for the production of decarbonised
energy carriers from biogas with CO; capture and storage would allow to
remove large amounts of CO; from the atmosphere and generate sig-
nificant revenues from carbon credits.

Electrified steam methane reforming (eSMR) technology aligns with
this goal, enabling efficient syngas production at small-scale with
compact and flexible reactors design that can adapt to the intermittent
nature of renewable energy sources. This approach intensifies the syngas
generation process and reduces the loss of biogenic carbon as vented
CO4, (something to be avoided in carbon-constrained economies, where
the high-value biogenic carbon should either be stored or used for the
production of biofuels and biochemicals [4]).

An example of this technology was developed by Wismann et al. [5,
6], in collaboration with Topsoe, resulting in the delivery of the
eREACT™ technology [7]. This eSMR unit is currently undergoing
testing at the pilot plant situated at the Aarhus University biogas
research facility [8]. Other research activities are focussing on
improving the heat transfer properties of electrified reactors. For
instance, utilizing a conductive structure such as foams or POCS (peri-
odic open cellular structures) allows to enhance heat transfer properties,
increasing reactor compactness and operational flexibility [9-12].

Broadly speaking, electrification of endothermic reactors facilitates
the design of flexible reactors suitable for both small- and large-scale
applications. These modular designs are versatile and can be
employed for the production of various energy carriers through pro-
cesses such as hydrocarbon cracking, methane pyrolysis, dry reforming,
and reverse water-gas shift reactions [13,14].

A number of recent studies have investigated the production of
hydrogen from biogas using conventional reforming technology. In this
process, a portion of the biogas or an auxiliary fuel is combusted in order
to support the endothermicity of the reactor. Montenegro et al.
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conducted an evaluation of the techno-economic performance of con-
verting biogas into hydrogen using BioRobur technology, which is an
autothermal biogas reforming reactor that combines steam methane
reforming with catalytic partial oxidation. The cold gas efficiency of the
process is 65% and hydrogen is produced at a cost between 2.7 and 5.3
€/kgno, depending on the capacity of system (700-50 Nm®/h of
hydrogen produced, respectively). These results were obtained by
considering municipal solid waste as feed at zero cost and without CO4
capture from the syngas [15].

Crispim et al. evaluated the economic feasibility of hydrogen pro-
duction from biogas using conventional reforming technology, with
municipal solid waste as the feedstock [16]. In their study, only 71% of
the biogas was utilized in the reformer, while the remainder was used to
sustain the process. The hydrogen yield relative to reformed CH4 was
reported as 0.34 kgya/kgcua [17] (corresponding to a cold gas efficiency
of 80%). However, this analysis did not include a simulation of the
chemical plant. Their evaluation of 28 landfills in the state of Minas
(Brazil) found that the minimum cost of hydrogen production, with CO4
capture, was approximately 7 US$/kg.

The work of Cormos et al. and Selejan et al. analysed large-scale
biogas production (50'000 to 100'000 Nm>/h of hydrogen produced)
and evaluated different CO, capture technologies from the syngas. Cold
gas efficiencies from 54% to 66% and a levelized hydrogen cost of be-
tween 1.75 and 2 €/kgyz was found [18,19]. The competitive hydrogen
cost results both from the very large plant capacity, hardly compatible
with the capacity of biodigesters, leading to favourable economies of
scale and sophisticated design such as heat recovery steam Rankine
cycle, and from the assumed low biogas cost (4.6 €/GJ).

Madeira et al. simulated a hydrogen production process from biogas
using a conventional reformer. In this case, 18% of the biogas was
combusted within the process, and a cold gas efficiency of 79% was
achieved, resulting in a production cost of 4.6 US$/kgys. This study did
not incorporate thermal integration of the system nor CO5 capture from
the syngas [20].

Lachén et al. investigated the production of hydrogen from biogas
using a two-zone fluidised bed reactor, with the integration of permse-
lective metallic membranes (Pd/Ag) within the fluidised bed. Up to 68%
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Fig. 1. Block diagram of the biogas to hydrogen process with power supply and storage systems.
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cold gas efficiency was obtained by integrating this reactor with the
steam-iron process. The calculated hydrogen production cost ranges
between 4 and 15 €/kg without considering carbon capture [21].

Ongis et al. conducted a techno-economic analysis of a small-scale
hydrogen production plant utilizing biogas and autothermal reformer
technology with membranes. This approach enables the production of
pure hydrogen from the reactor permeate, with up to 90% cold gas ef-
ficiency, at a cost of 4.4 €/kg [22].

To the best of the authors’ knowledge, the only techno-economic
analysis on biohydrogen production from electrified reforming is that
of Maporti et al. Their simulation did not account for CO; capture from
the syngas or thermal integration with the biodigester. The entire biogas
stream feeds the reactor, achieving a hydrogen production efficiency of
95% relative to the biogas energy content. The hydrogen production cost
ranged from 3 to 6 €/kgys, depending on electricity prices (ranging from
50 to 200 €/MWh) and biogas costs (ranging from 0.2 to 0.3 €/Nm®)
[23].

This study proposes a conversion pathway for the production of
hydrogen from biogenic sources with COy capture, which we name
“emerald hydrogen”. The process assessed in this work (Fig. 1) is
designed to convert clean biogas into hydrogen through: (i) a syngas
generation unit formed by an eSMR and a water gas shift (WGS) reactor;
(ii) CO, separation with a solvent-based process; (iii) CO5 liquefaction
for transport by truck and (iv) hydrogen purification. The plant is
conceived to be operated flexibly, adapting its load based on the avail-
ability of renewable electricity. Therefore, the plant is equipped with gas
storage tanks for biogas, syngas and hydrogen, that allow to decouple
the gas flow rate through the different sections of the plant, aiming at
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adapting the load of the electric intensive sections to the availability of
renewable energy, while keeping a fixed inflow biogas flow rate and a
fixed outflow hydrogen flow rate. The electricity to run the system is
supplied by photovoltaic (PV) panels and wind turbines, assisted by a
battery energy storage system (BESS) and electric grid connection for
the management of their intermittency.

This work presents the first comprehensive techno-economic anal-
ysis of carbon-negative Hy production from biogas with an electrified
SMR system via: (i) process engineering study with the calculation of the
mass and energy balances of the process at different loads with off-
design model and (ii) rigorous economic optimization of the process
integrated with photovoltaic and wind power generation system in
different European locations, based on yearly simulations with hourly
resolution. The overarching scope of the paper is to calculate the cost of
the produced negative-emission “emerald hydrogen” and the economic
value of flexibility for plants installed in different locations, under
different cost scenarios.

2. System description
2.1. Chemical island

The system considered in this study exploits a 500 kg/h (390 Nm®/h)
of clean biogas with molar composition 55% CH4 and 45% CO2 and
corresponding thermal power of 2.14 MW,gy. This capacity is repre-
sentative of typical biogas Italian plants for electricity generation.

Clean biogas (stream #1 in Fig. 2), is initially compressed to 9 bar
and then feeds the bottom stage of a saturator, where the biogas rises
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Fig. 2. Process flow diagram of the biogas to hydrogen plant based on electrified Biogas Reforming (eBGR).
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toward the head of the column, while hot water feeds the top stage and
flows toward the bottom. The amount of circulating water is adjusted to
have the desired H;O/CHy4 ratio in the wet biogas exiting the column
(block #CL1 in Fig. 2). A saturation column has been preferred over
steam mixing for humidification of biogas at relatively low pressure, as
this reduces the demand of demi-water and it allows to recover the
condensate from syngas cooling with no water treatment.

The wet biogas (#2) is preheated before feeding the eSMR reactor
(#3), where it is converted into syngas (#4). The syngas exits the
reformer at 7 bar and 800 °C and is cooled down in a heat exchanger
(#HX2) where saturated steam at 8 bar is produced (#27). Syngas
cooling by water evaporation prevents metal dusting of the tubes, which
may occur with CO-rich streams and tube wall temperatures higher than
400-450 °C [24]. Syngas is cooled down to 300 °C (#5) and feeds the
WGS reactor. The shifted syngas (#6) is cooled by preheating the wet
biogas (#HX1) and then transfers heat to the bio-digester water loop
(#HX3) and to the saturator make-up water (#HX4). Further cooling to
30 °C allows to separate the condensate, which is recovered and fed back
into the saturator water loop (#21). Dry syngas (#11) is compressed to
30 bar and feeds the CO; separation section, where a
methyl-diethanolamine (MDEA)-based solvent absorbs CO5 in the ab-
sorption column (#CL2), then recovered at nearly atmospheric pressure
from the top of the stripping column (#CL3). The CO, stream is deliv-
ered to the CO5 compression and liquefaction unit, where liquid CO2 (15
bar; —31 °C) is produced. Detailed information of the CO5 liquefaction
unit can be found in the supplementary material. The Hp-rich gas leaving
the head of the absorption column (#13) feeds the PSA unit, where pure
hydrogen is recovered (#14), while the PSA off-gases (#15), which
contain unconverted CH4, CO, CO, and unrecovered Hy, are burned in
the boiler to produce saturated steam at 8 bar (#28). The steam
generated by syngas cooling and off-gas combustion is used in the
reboiler to regenerate the CO»-rich solvent (#29), to heat up the water
feeding the saturator (#30) and to heat up the water in the bio-digester
circuit (#31). Consequently, the system is thermally self-sufficient, and
the only energy input is the electricity required for the electrified
reformer, compressors, pumps, and auxiliaries.

International Journal of Hydrogen Energy 88 (2024) 1237-1255
2.2. System integration with renewable energy and storages

Fig. 3 shows the block diagram of the complete system including the
electrified biogas reforming plant (eBGR), the biogas, syngas and
hydrogen storage tanks and the power supply system with battery
storage. The compressed biogas (stream #bg (t) in Fig. 3) has a constant
flow rate and can either feed the storage tank or the syngas generation
unit. The amount of electricity absorbed by the syngas generation sec-
tion (Esyn(t)), as well as the steam required to sustain the saturation
column (#steamy(t)) and the steam available from syngas cooling
(#steam; (t)) are proportional to the quantity of biogas fed to the system
(#bga(t)). When filling the biogas tank, the flow rate fed to the chemical
island is reduced, thus the amount of steam required and generated, as
well as the syngas produced (#syn; (t)) decreases.

Dry syngas (#syn;(t)) can feed the syngas storage tank or bypass it to
feed the compressor. The electricity required for the gas separation unit
(#Eg(1)), the steam required to regenerate the MDEA-based solvent in
the CO; separation process (steams(t)), the steam generated in the boiler
(steamy(t)) as well as the produced hydrogen (Hy ;(t) and liquefied CO,
(CO4(t)) are proportional to the flow rate of syngas fed to the gas sep-
aration section (syny(t)).

Renewable electricity is produced from PV panels and wind turbines.
The generation profiles of renewable energy over time (Eyind(t), Epy(t))
are an input to the optimization algorithm, while the optimal capacity of
PV and wind is calculated through capacity multipliers (Spy and Swind
respectively). The renewable power available at each instant t can be
directed to the eBGR system (#Een,2(t)), charge the battery (#b,(t)) or
delivered to the grid (gridoy:(t)). The renewable energy entering the
eBGR system is partly directed to the syngas generation section
(Eren,3(t)) and partly to the gas separation section (Een 4(t)).

In the following sections, two operating modes are considered to
describe the behavior of the chemical island.

- Inflexible operation: gas storage units are not installed, the biogas
produced by the biodigester is constrained to feed the chemical
plant, which therefore operates at constant load throughout the year.
The intermittency of variable renewables is entirely managed by the
battery storage system and by the exchanges with the electric grid.
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Fig. 3. Schematic of the integration of the eBGR system with power supply and storage systems and variables of the mathematical model.
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- Flexible operation: gas storage units enable the two sections of the
chemical island to vary the load independently. In this case, the
intermittency of the variable renewables can also be managed by
adapting the load of the plant sections.

3. Methods

3.1. Process simulation

The aforementioned eBGR system was modelled and simulated in
Aspen Plus® by using the Peng-Robinson equation of state and the
Electrolyte-NRTL for the amine-based absorption process, the saturation
column and the water separation vessels. The saturation column is a
packed column and is modelled with a rate-based approach. The circu-
lating water is tuned to achieve a target H,O/CH4 ratio of 3.5 in the wet
biogas, which was found to be the value that minimize the specific
electric consumption per unit of produced hydrogen with the given
reforming pressure and temperature (see the supplementary information
for an analysis of the impact of the HyO/CH4 ratio on the plant perfor-
mance). The eSMR and WGS reactors are modelled at chemical equi-
librium. The eSMR reactor is assumed to be based on the technology
developed by Ambrosetti et al. [10,12], using resistive heaters and
copper-based thermally conductive internals to improve heat transfer in
radial direction. Electric power is tuned to achieve a syngas outlet
temperature of 800 °C, compatible with the copper internals. The WGS
reactor is adiabatic. Both the absorption and stripping columns are tray
columns, modelled with a rate-based approach [25]. Liquid-gas ratio in
the absorber is tuned to separate 95% of the inlet COy. The stripper
includes a condenser and a reboiler and is operated with a reflux and
boil-up ratio resulting from the assumed temperatures of 70 °C and
120 °C [26,27]. The PSA unit works between 30 bar and is modelled as a
simple separator with hydrogen recovery efficiency of 90% and off-gas
outlet pressure of 1.4 bar.

The main assumptions for the process simulations are listed in
Table 1.

3.2. Off-design simulation

The part-load operation of the chemical island is also evaluated with
Aspen Plus®. Compressors and pumps isentropic and mechanical-
electrical efficiency are assumed constant with flow-rate. Saturation
column has a fixed geometry derived from plant simulation in design
condition, as well as CO5 absorption and stripper columns. The solvent
flow rate in the absorber is varied to keep a constant COy separation
efficiency (95%). The power supply of the electrified reformer is
controlled to keep a constant outlet temperature. Heat exchangers area
is calculated at maximum load and heat transfer coefficients are varied
depending on the fluids flow rate with an exponential law (Eq. (1), n =
0.8 for shell and tube and n = 0.67 for plate heat exchangers), while the
overall heat transfer coefficient is calculated with Eq. (2), neglecting
thermal resistance associated to the exchangers walls and fouling.

m, "TW
hogy = haesign =2~ ) |~ 1
off design (mdmgn m2K
1 1 \'[w }
U=+ — 2
o (hhot.off hcold,aff) |:m2K

3.3. System optimization and integration

Integration with renewable sources, grid and storage units is
modelled with GAMS optimization software and mixed integer linear
programming (MILP) method. The functions linking the amount of gas
fed to the chemical plant sections and the electricity absorbed, heat
generated, and thermal load are derived from the partial load analysis of
the chemical island.
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Table 1
Summary of the process design and Aspen Plus® simulation assumptions.
Component Parameter Value Unit
Saturation column Calculation mode: rate based,
(CL1) packed with pall ring
Target H,O/CH, ratio 3.5 molys0/
molcyq
Electrified Calculation mode: chemical
reformer (eSMR)  equilibrium
Outlet temperature 800 °C
Inlet pressure 8 bar
Pressure drop 1 bar
Electric efficiency 99 %
WGS Calculation mode: adiabatic,
chemical equilibrium
Inlet temperature 300 °C
Pressure drop 0.1 bar
Absorption column  Calculation mode: rate-based with
(CL2) 10 stages
Pressure drop 0.3 bar
CO,, recovery efficiency 95 %
Stripping column Calculation mode: rate based, 10
(CL3) stages plus partial vapor condenser
and kettle reboiler
Condenser temperature 70 °C
Condenser pressure 1.7 bar
Lean ratio 0.015 molcoz/
molypga
Pressure drop 0.3 bar
Pressure Swing H, recovery efficiency 90 %
Adsorption Pressure drop 1 bar
(PSA) Off-gas outlet pressure 1.4 bar
Pumps Hydraulic efficiency 70 %
Mechanical-electrical efficiency 94 %
Compressors Volumetric with water cooling and 120 °C
outlet temperature of
Isentropic efficiency 70 %
Mechanical-electrical efficiency 92 %
Pressure drops in Gas side 2% Din %
heat exchangers Water at 9 bar 0.9 bar
Heat transfer Low pressure gas 50 W/mZ/K
coefficients High pressure gas 500 W/m?/K
Biogas/Syngas in pre-heater 120" W/m?/K
Syngas with condensing water 2500° W/m?/K
Water (liquid) 10,000  W/m%/K
Water (evaporation) 20,000 W/m?%/K

# Values obtained with heat exchanger simulated in Aspen EDR (simulation
mode) using inputs of streams from Aspen Plus.

The equations describing the behaviour of the plant are computed
along the year with hourly resolution. Wind and solar power distribution
is taken from Pfenninger et al. [28]. Energy balances between renewable
power production, BESS, grid and electricity absorbed by the chemical
plant are modelled through Equations (3)-(8).

Eyind(t) ® Swind +Epv (t) ® Spv = Eren(t) 3
Eren(t) = Eren2(t) + 1 (¢) + gridoue (1) 4
Eren2(t) = Eren3(t) + Erena (t) 5
Egyn(bg2(t)) = Erens (t) + b3 (t) + gridin2(t) 6
Eg(syn(t)) = Erena (t) + ba(t) + gridin 3 (t) 7
&ridin (1) + gridins(£) = gridin(2) 8

The BESS unit is charged when the renewable energy production is
greater than the load and discharged when the renewable energy is not
enough to sustain the eBGR system load. The battery is assumed to start
and end the year completely discharged (Equation (9)) and is charged or
discharged according to Equation (10), where n_ and n, represent the
charge and discharge efficiencies, respectively, and SOC(t) represents
the state of charge. The charging and discharging efficiencies are equal
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to 97%, a representative value of lithium-ion technology [29]. Battery
capacity is an optimization variable (SOCpax) and consequently in each
time period the state of charge has to be lower than the capacity,
considering a depth of discharge of 80% (DoD in Eq. (11)). The Energy to
Power ratio (EtP) is imposed equal to 4 h (Eq. (12)).

SOC(t=0)=0 ; SOC(t=8760)=0 9
2(t)
SOC(t) =SOC(t — 1) + |b1(t)n, — A 10
d
SOC(t) < SOCpax @ DoD 11
by (t) < SOCpax /EtP ; by(t) < SOCpax/EtP 12

Equation (13) describes the mass balance at the gas storage bound-
aries, while Equation (14) is used to convert the mass flow rate to
volumetric flow rate, with the gas density being a function of storage
pressure and temperature. Storage tank volume is an optimization var-
iable and is modelled using the same approach as for the BESS (Equa-
tions (15)—(17)).

bg, (t) =bg; (t) + bgou(t) — bgin(t) 13
Vi(t)[m® /h] =mi(t) (kg /h] / (pi(p.T) [kg /m’]) 14
BGuor () = BGior(t — 1) + [Vigin(t) — Vigour(t)| AL 15
BGiior(t) < BGitor max 16
Stor(t=0)=0 ; Stor(t=8760) =0 17

The energy balance of the steam generated within the chemical is-
land is met with Equation (18). At each time step, the steam generated
has to be greater than that required to regenerate the amines and sustain
the saturator, as described by Equation (19).

steam; (t) + steamy (t) = steams(t) + steamy(t) + steams(t) 18

steam; (t) + steamy (t) > steams(t) + steama(t) 19

3.4. Economic optimization

Table 2 presents the economic assumptions used for the chemical
island, storages and renewable power generation. The economic anal-
ysis was carried out with the methodology of Turton [30] for the con-
ventional components (pumps, heat exchangers, compressors, blowers
and columns). The cost of each process unit is calculated taking into
account the effect of pressure, construction material, direct and indirect
project expenses, contingencies and contractor fees. The cost of the WGS
and PSA units was taken from Ref. [31]. The electrified reformer cost
was estimated with an in-house model estimating the amount of cata-
lyst, electric resistances and internal thermally conductive structures
[7]. The total reactor cost, including labour and installation costs, in-
direct costs, owner’s and contingencies costs is obtained with the
method from Riva et al. [32]. All costs are converted to € of year 2019
currency with the Chemical Engineering Plant Cost Index (CEPCI) [33].
Further details can be found in the supplementary material.

The biogas compressor, being located before the storage tank, works
at constant load and is sized on the biogas flow rate produced by the
biodigester. The eSMR reactor length was calculated to meet the con-
straints of maximum copper temperature (1000 °C) and pressure drops
(1 bar), and is a function of the design space velocity (16 Nm3/h/kgcat)
and catalyst loading (640 kg/m>). Heat is supplied from the reactor core
via electric wires [12], with assumed cost of 50 €/kWe,. The inner sur-
face of the reactor is coated with a refractory (Insulfrax), with thickness
determined to have 60 °C on the steel wall. The steel thickness is
determined from the design pressure and material properties (316L steel

1242

Table 2

Economic assumptions for renewable sources, storages and chemical island

process units.
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System integration Short Longterm  units References
term
PV (fixed-tilt)
Investment cost (Italy) 800 306 €/kW [34,35]
Investment cost 1148 306 €/kw
(Denmark)
Fixed O&M costs 15 6 €/kW-y
Variable O&M costs 0 0 €/kWh
GWP emission 420-1400 420-1400 kgcozeq/ [36,37]
kw
Wind (on-shore)
Investment cost (Italy) 1500 1000 €/kW [34,35]
Fixed O&M costs 45 20 €/kW-y
Variable O&M costs 0 0 €/kWh
GWP emission 380-650 380-650 kgcozeq/ [38]
kw
Wind (off-shore)
Investment cost 2449 2449 €/kW [34,35]
(Denmark)
Fixed O&M costs 101 80 €/kW-y
Variable O&M costs 0 0 €/kWh
BESS (lithium-ion)
Charge efficiency 97% 97% - [34,35,39]
Discharge efficiency 97% 97% -
Energy/power ratio 4 4 kWh/kW
Depth of Discharge 80% 80%
(DoD)
Investment cost 400 124 €/kWh
Fixed O&M costs 10 2.5 €/kWh-y
Variable O&M costs 0.13 0.04 €/MWh
GWP emission 89-169 89-169 kgcozed/ [40]
kWh
Electrolyser
Conversion efficiency EE 58.5% 68.0% - [35,41]
to Hp (LHV)
Investment cost 1300 363 €/kW
Fixed O&M costs 26 12.7 €/kW-y
Variable O&M costs 0.13 0.04 €/MWh
H, storage
charge efficiency 100% 100% - [42,43]
discharge efficiency 100% 100% -
Energy/power ratio 1752 1752 kWh/kW
Investment Cost 10 0.49 €/kWh
Fixed O&M costs 0.02 0.02 €/kWh-y
Variable O&M costs 0 0 €/MWh
Bio-Syngas storage
charge efficiency 100% 100% - [44]
discharge efficiency 100% 100% -
Inv. Cost 62.3 [€/m® ¢ V [m®] +  €/m>
66223 [€]
Fixed O&M costs 4% CAPEX
Variable O&M costs 0 0
Electricity purchased 150 100 €/MWh
from grid
Electricity delivered to 0 0 €/MWh
the grid
Grid electricity GWP 400 400 8co2eq/
emission kWh
Chemical Island
eSMR reactor 346 [€/Nm®] o Vin In-house &
[Nm®] + 13260 [€] [12,32]
Cooling water 1.57 «107° €/kg
Process water 1.71 #1073 €/kg
Catalyst replacement, 2000 €/kg
every 5 year
(Rhodium)
Fixed O&M costs 4% CAPEX
Other process Detail in supplementary [45]

equipment
Heat for biodigester

material
15% of biogas LHV
power




A. Nava et al.

with design stress at 300 °C) [32,46]. The eSMR reactor is designed to
process the maximum flow rate of biogas, and its cost function is linear
with respect to inlet flow (see supplementary material).

The maximum capacity is an optimization variable and represents
the maximum flow rate of biogas and syngas feeding the syngas gener-
ation and gas separation units, respectively (bgs(t) and syna(t) flows in
Fig. 3), while the hydrogen flow rate exiting the storage is constant (flow
H, »(t) in Fig. 3). Equation (20) represents the constraint on the biogas
and syngas flow rates. As the biogas or syngas maximum flow rate in-
creases, the CAPEX of the syngas generation (excluding the eSMR
reactor) and gas separation section varies with exponential scaling law
as shown in Equation (21) [47], where the reference costs are those
presented in Fig. 5 and refer to the flow rate of biogas produced by the
biodigester, and the exponential coefficient n is equal to 0.66.

BG;(t) < capacitymax.pg; Syn,(t) < capacitymax.syn 20

) n
The objective function is the total annual costs, which is minimized
using the CPLEX solver.

Capacitymax i

n 21
Capacityrs;

CAPEX; = CAPEX s (

Objective function : Min (Cost)

22
Cost = CAPEX e CCF + fOPEX + vOPEX

The carrying charge factor (CCF) is assumed to be 10%, which cor-
responds to a discount rate of 8% over 25 years lifetime.

The optimization variables are the capacity of renewable plants, of
BESS and of gas storage units. Nonlinear economic equations coupling
gas flow rate with plant cost (Eq. (21)) allow the calculation of the
optimal size of chemical island equipment and were linearized with the
piecewise method [48].

3.5. Emissions

To estimate the climate impact of the process, equivalent COy
emissions are computed including the embedded emissions in PV, wind
and BESS units. For PV panels, values between 420 kgco2,eq/kWej for a
glass-glass single-Si produced in EU [36] and 1400 kgco2,eq/kWe; for a
single-Si panel produced in China [37] have been considered. GWP
emission of wind turbines is derived from the work of Schreiber et al.,
who reported values between 380 and 650 kgco2,eq/kWe depending on
the size of the turbine and amount of electricity used for production
[38]. Embedded emission of Li-Ion battery varies between 89 and 169
kgco2,e¢/kWhe depending on the lithium source, manufacturing sce-
nario, and the bill of materials [40,49]. For imported grid electricity,
emissions are assumed to be 400 kgco2/MWh, consistent with power
generation from a natural gas combined cycle.

3.6. Key performance indicators

The Hydrogen production ratio (HR) measures the LHV power con-
tained in the hydrogen produced with respect to the LHV power in the
biogas feedstock (Eq. (23))

kWi,
KWe

The specific CO2 emissions (Ecozemir) and specific captured COq
(Eco2,cape) compute the amount of carbon dioxide emitted and captured in
relation to the produced hydrogen (Egs. (24) and (25))

e

_ Tlez oLH VHZ

HR=—"——"—
Mpg ® IJI{‘/BG

23

Mco2 emit

> 24
My

Ecoz emit =
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Mco2, capt
M2

ECOZ.capt = 25

5

The carbon capture ratio (CCR) represents the molar ratio between
the liquefied CO5 and the inlet carbon from biogas (Eq. (26)).

CCR = riCqZ.liqueﬁed
N¢ inlet

26

The specific electricity consumption (E.) represents the net elec-
tricity consumed by the system per unit of hydrogen produced (Eq. (27))
{kWhel]
kguz
The renewable energy share (RENS) represents the share of renew-

able electricity used by the plant during the year with respect to the total
electric energy consumed (Eq. (28)).

_ Py
mHZ

Eel 27

8760
> (Erenz(t) +b2(t)) © At

=1
RENS =45

> (Egn(t) + Eg(r)) @ At

t=1

« 100 [%] 28

The battery equivalent cycle number (BCY) represents the ratio of
renewable energy fed to the battery and its capacity (Eq. (29)). This
parameter provides an estimate of the number of charge/discharge cy-
cles performed by the battery during the year.

8760

S by(t) e At

- kWh
BCy=+2L__ |2 2
¢ SOCinax {kWh} 2
The capacity of the biogas, syngas and hydrogen storage vessels is
expressed in terms of storage hours (STH) and calculated as the ratio
between the storage tank volume and the maximum volumetric flow rate
of gas fed (Eq. (30)). Thus, it corresponds to the hours required to fill or

empty the tank at maximum flow rate.

B Gstor‘ma.x

ngl

STH= 1] 30

The levelized cost of electricity (LCOE) of PV and Wind is calculated
taking into account the amortised investment cost and the annual
operation and maintenance costs, considering the annual energy pro-
duced by the corresponding plants (Eq. (31)). The cost of renewable
used energy (LCOE,) by the chemical island is calculated neglecting the

excess electricity, which is considered as curtailed (Eq. (32)).

(CAPEXpy o wind) ® CCF + fixed O&M + var O&M

€
LCOE, ind = [M
PV or Wind EEPV or Wind VWJ
31
LCOE,
_ CAPEXpy.vind.srss ® CCF + 3 fixed O&M + 5 var O&M [M€ } *
T (Erna(t) + ba(0)) Wi
4. Results

4.1. Biogas to hydrogen plant

The KPIs of the simulated biogas to hydrogen plant are reported in
Table 3. The plant achieves over 95% of CH4 conversion in the reformer,
and 73% CO conversion in the WGS, leading to about 70% of total CH4
conversion to CO,. Overall, the plant achieves a carbon capture ratio of
75.9%, leading to specific biogenic CO2 emissions of 3 kgcoa/kgna and
specific COy capture rate of 9.4 kgcoa/kgua. Almost all the chemical
energy of the biogas is retained in the hydrogen product, as the Hy
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Table 3

Main results and KPIs of the biogas to hydrogen plant at mean load.

International Journal of Hydrogen Energy 88 (2024) 1237-1255

associated with the separation of CO, from syngas and its further
compression and liquefaction represents the largest contribution on the

eBGR system

investment, amounting to 1.4 M€. The cost associated with the compres-

sion of biogas and syngas is equal to 0.56 M€ and the investment for the

electrified reformer amounts to 0.41 ME€. In the flexible system, oversized
to be fed with 150% of the flow rate compared to design conditions,
CAPEX increases to 5.0 M€ (i.e. 2440 €/kWya, referred to the average Hy

CH4 conversion in eSMR % 95.1%

CO conversion in WGS % 73.2%

Electricity consumption breakdown

Blowers, pumps and coolers kWe 21.6

Biogas compressor kWe¢ 50.9

Syngas compressor kW 96.0 5'500

eSMR kWe 850.1

CO, compressors kW 77.2 5'000

Total kWe 1095.8

Biogas thermal input KkKWinv 2142 4'500

Hydrogen thermal output kWigy 2064

—_— 4'000

CO,, specific emission kgcoa/kgna 3.00

Specific captured CO, kgcoz/kgmnz 9.42 3'500 —

Carbon capture ratio % 75.94 E 3;8

H, production ratio MWy2/MWpg 96.34% &I 3'000

Specific electricity consumption kWhe1/kgm2 17.69 %

2500 1'016
production ratio is equal to 96%. The specific electricity consumption is 2'000 150
17.7 kWh/kgns, of which 78% for the electrified reformer, followed by -2
the compression of syngas (9%), CO2 (7%) and biogas (5%), . 394
respectively. 1000
Fig. 4 shows the T-Q diagrams related to syngas cooling and 8
exploitation of the steam generated by the plant, under design (Fig. 4a 500 —
and b) and partial load (Fig. 4c and d) conditions. In all the operating —
conditions, the heat required to sustain the system, including the heating N bl
ntiexible

of the biodigester, is recovered from the process.
The breakdown of CAPEX of the eBGR system is shown in Fig. 5. The

total capital expenditure is equal to 3.47 M€ (i.e. 1684 €/kWp). The cost
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Fig. 5. Capital expenditure breakdown for the inflexible and flexible

(maximum eSMR load = 150% of the average load) plants.
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Table 4
LCOE and Capacity factor of PV and Wind for the selected locations in short-term
and long-term scenarios.

Location unit North Italy South Italy Denmark
WIND

Capacity Factor % 14.9% 27.3% 55.1%
LCOE Wind, short-term €/MWh 149.1 81.7 71.7
LCOE Wind, long-term €/MWh 91.8 50.3 71.7

PV

Capacity Factor % 16.9% 18.9% 9.9%
LCOE PV, short-term €/MWh 64.3 57.2 149.9
LCOE PV, long-term €/MWh 24.8 22.0 42.3

International Journal of Hydrogen Energy 88 (2024) 1237-1255

production capacity) and gaseous storage tanks account for 0.48 ME.

4.2. System integration and economic optimization

The integration of the biogas to hydrogen plant with renewable en-
ergy sources is assessed for three locations: (i) Piemonte, in North Italy,
one of the European regions with the highest biogas production capac-
ity, featuring good availability of solar energy and low availability of
wind energy; (ii) Sicily, in South Italy, representative of a region with
high availability of solar energy and average availability of wind energy
and (iii) Denmark, another European region with large biogas produc-
tion capacity, featuring very high wind energy availability and low solar
energy availability. Table 4 shows the capacity factor (CF) and the LCOE
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Curtailed electricity

mm Wind electricity

<00 Minimum plant load

I Plant load
—— Maximum plant load

777 Electricity from grid

----- Average plant load r 10000

————— Syngas storage -----Biogas storage
4000 9000
&
3000 8000 £
=
vy
2000 7000 g
= Y- 2 N 2
I~ A
E 1000 1 s
= / 6000
> N A [J]
= g an
k] i 2 i
E o . - 5000 O
8 1 &
o B 4
/ i 8
-1000 L1 1k I B 4000 S0
! \ =
i w
-2000 - L. 3000 6o
el
£
3000 ¥ t 2000 8
L wv
I”
/
4000 L F 1000
I"’
»
5000 Lo
O L S S
& o & oF @QQ o> &
Wt o o i v W U
O Qf O Q' QO Q' S
4 s g W W W g
© © ® N & N ©
A 9 A A 7 7 4
(a) Flexible system
Electricity from grid m Wind electricity = PV electricity m Electricity from BESS = Curtailed electricity m Electricity to BESS m Plant load
5000
4000
3000 I | | I I |
2000 |
2 1000
=y
£ e, I
2 ||||III|- el ]
5 0
o
o
w
-1000
-2000
-3000
-4000
5000
M L N N
&5 S S m@ &8 Q-.@ QG.@
"3 " N '\/ "3 3 3
& o & & e & o
Na N Na N & \a N
A9 » A A 7 i L
(b) Inflexible system

Fig. 6. Hourly energy balance of (a) flexible system and (b) inflexible system in North Italy at RENS = 80% in three representative spring days.
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Fig. 7. Annual energy balance breakdown for inflexible and flexible systems, with RENS = 80% and 95%, in the short-term cost scenario.

of PV and wind electricity produced in these regions in the short- and
long-term cost scenarios.

4.2.1. Energy balance and renewable capacity

To illustrate the operation of the yearly simulation model, Fig. 6a
shows the hourly energy balance over three representative days of the
flexible system in North Italy with renewable energy share (RENS) of
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80%, optimized in the short-term cost scenario (hourly profiles of the
other scenarios are available in the supplementary information). This
optimized plant does not include battery storage and hydrogen storage
vessel. The positive columns represent electricity inputs and the nega-
tive columns represent the electricity consumed by the process and the
curtailed electricity. The dotted lines (referred to the secondary axis)
represent the state of charge of the gas storage tanks. In the first hours of
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Table 5
Main results of the optimized plants at 95% RENS in different scenarios.
Location North Ita
Plant size Small-scale Large-scale
Cost-scenario short-term long-term short-term long-term
Flexibility No Yes No Yes No Yes No Yes
Biogas input Nm®/h 391 391 391 391 3915 3915 3915 3915
Biogas thermal Input MWy ny 2.14 2.14 2.14 2.14 21.42 21.42 21.42 21.42
PV capacity MW 5.23 4.30 7.39 6.10 52.40 43.28 73.95 61.04
Wind capacity MW 5.01 4.70 2.71 2.63 49.98 45.49 27.10 27.44
BESS capacity MWh 14.05 6.35 18.94 13.35 140.54 63.27 189.40 119.27
BESS eq. cycles - 165 164 180 196 165 164 180 197
Biogas storage m® - 1367 - 1150 - 14,137 - 12,044
Biogas storage hours h - 28 - 23 - 29 - 24
Syngas storage m® - 3370 - 2040 - 29,411 - 12,507
Syngas storage hours h - 17 - 10 - 15 - 6
Hydrogen storage m® - 188 - 254 - 2751 - 4318
Hydrogen storage hours h - 7 - 9 - 10 - 15
Syngas generation relative size % 100% 159% 100% 134% 100% 167% 100% 142%
CO,, separation relative size % 100% 138% 100% 105% 100% 149% 100% 115%
Hj; output Nm®/h 688 688 688 688 6887 6887 6887 6887
H, thermal output MWy ny 2.06 2.06 2.06 2.06 20.63 20.63 20.63 20.63
CO, captured t/y 5114 5114 5114 5114 51,139 51,139 51,139 51,139
LCOEen €/MWh 269 193 110 92 269 190 110 90
EE curtailed % 35% 26% 35% 25% 35% 25% 35% 26%
H, production cost €/kg 7.11 6.25 7.11 6.25 5.88 4.86 3.14 2.95
REN CO, ¢ emissions (low-/high- kgcoa/ 0.46/1.13 0.35/0.88 0.52/1.38 0.42/1.12 0.46/1.13 0.35/0.88 0.52/1.38 0.42/1.12
emission scenarios) kgna
Grid emissions kgcoz/ 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
kg2
CO,, capture kgcoz/ -9.42 -9.42 —9.42 —9.42 —9.42 —9.42 —9.42 -9.42
kg2
Net emissions (low-/high-emission kgcoo/ -8.61/ -8.72/ —8.55/ —8.65/ —-8.61/ -8.72/ —8.55/ —8.66/
scenarios) kg2 -7.93 -8.19 —7.69 —7.95 —7.93 -8.19 —7.69 —7.96
Location South Ita
Plant size Small-scale Large-scale
Cost-scenario short-term long-term short-term long-term
Flexibility No Yes No Yes No Yes No Yes
Biogas input Nm®/h 391 391 391 391 3915 3915 3915 3915
Biogas thermal Input MWphy 2.14 2.14 2.14 2.14 21.42 21.42 21.42 21.42
PV capacity MW 3.87 3.34 4.92 4.71 38.66 35.40 49.23 45.64
Wind capacity MW 3.23 3.16 1.52 1.74 32.33 29.33 15.15 17.33
BESS capacity MWh 11.74 5.17 15.27 9.80 117.43 50.05 152.70 85.73
BESS eq. cycles - 169 168 216 214 169 160 216 214
Biogas storage m3 - 1500 - 607 - 13,096 - 12,230
Biogas storage hours h - 30 - 12 - 26 - 25
Syngas storage m® - 3374 - 1393 - 29,720 - 8628
Syngas storage hours h - 17 - 7 - 15 - 4
Hydrogen storage m® - 239 - 93 - 1815 - 4532
Hydrogen storage hours h - 8 - 3 - 6 - 16
Syngas generation relative size % 100% 144% 100% 133% 100% 160% 100% 147%
CO,, separation relative size % 100% 117% 100% 102% 100% 140% 100% 122%
H, output Nm®/h 688 688 688 688 6887 6887 6887 6887
H, thermal output MWyny 2.06 2.06 2.06 2.06 20.63 20.63 20.63 20.63
CO; captured t/y 5114 5114 5114 5114 51,139 51,139 51,139 51,139
LCOEen €/MWh 200 142 78 66 200 137 78 63
EE curtailed % 34% 29% 20% 22% 34% 28% 20% 21%
H, production cost €/kg 5.95 5.28 3.84 3.80 4.71 3.93 2.60 2.49
REN COy cqemission (low-/high- kgcoa/ 0.34/0.84 0.26/0.66 0.36/0.95 0.31/0.84 0.36/0.82 0.26/0.68 0.36/0.95 0.29/0.79
emission scenarios) kgua
Grid emissions kgcoz/ 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
kgn2
CO,, capture kgcoz/ —9.42 —9.42 —9.42 —9.42 —9.42 —9.42 —9.42 —-9.42
kgn2
Net emission (low-/high-emission kgcoz/ -8.73/ -8.81/ -8.71/ —8.76/ -8.71/ —8.81/ -8.71/ —8.78/
scenarios) kgn2 -8.23 —8.4 —-8.12 —-8.22 —-8.25 -8.39 —-8.12 —8.28
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Location Denmark
Plant size Small-scale Large-scale
Cost-scenario short-term long-term short-term long-term
Flexibility No Yes No Yes No Yes No Yes
Biogas input Nm®/h 391 391 391 391 3915 3915 3915 3915
Biogas thermal Input MWpny 2.14 2.14 2.14 2.14 21.42 21.42 21.42 21.42
PV capacity MW 2.80 1.56 6.51 4.79 27.99 15.89 65.06 45.78
Wind capacity MW 2.99 2.71 1.55 1.52 29.95 26.83 15.46 15.51
BESS capacity MWh 8.41 1.35 14.55 7.40 84.11 14.00 145.51 67.82
BESS eq. cycles - 72 73 98 97 72 73 98 86
Biogas storage m® - 1781 - 1507 - 17,869 - 15,074
Biogas storage hours h - 36 - 30 - 36 - 30
Syngas storage m® - 5555 - 2729 - 52,765 - 16,692
Syngas storage hours h - 28 - 14 - 26 - 8
Hydrogen storage m® - - - 93 - 788 - 5260
Hydrogen storage hours h - 0 - 3 - 3 - 18
Syngas generation relative size % 100% 133% 100% 128% 100% 133% 100% 135%
CO,, separation relative size % 100% 102% 100% 103% 100% 103% 100% 113%
H, output Nm®/h 688 688 688 688 6887 6887 6887 6887
H, thermal output MWy av 2.06 2.06 2.06 2.06 20.63 20.63 20.63 20.63
CO,, captured t/y 5114 5114 5114 5114 51,139 51,139 51,139 51,139
LCOE,en €/MWh 206 133 114 91 206 132 110 87
EE curtailed % 45% 36% 29% 20% 45% 36% 29% 19%
H, production cost €/kg 6.05 5.06 4.43 4.25 4.81 3.76 3.14 2.89
REN CO,,¢q emissions (low-/high- kgcoz/ 0.26/0.64 0.15/0.35 0.41/1.14 0.29/0.81 0.26/0.64 0.15/0.36 0.41/1.14 0.28/0.77
emission scenarios) kg2
Grid emissions kgcoo/ 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
kgu2
CO, capture kgcoa/ —9.42 —-9.42 -9.42 —9.42 -9.42 —9.42 —-9.42 —9.42
kg
Net emissions (low-/high-emission kgcoz/ —8.81/ —8.92/ —8.65/ —8.78/ -8.81/ —8.92/ —8.65/ —8.79/
scenarios) kguo —8.43 —8.72 —7.93 —8.26 —8.43 -8.71 —7.93 -8.3

the considered time frame, the biogas storage tank is full, the syngas
storage tank is empty and the plant operates at its average load, i.e.
converting all the incoming biogas with no gas flows into or from the
storage vessels. In this time period, the renewable energy production is
low and part of the electricity is purchased from the grid. When
renewable production increases, the biogas storage empties, enabling an
increase of syngas production and of electricity consumption up to the
maximum plant load. At the same time, the syngas storage tank charges.
In some hours, renewable production is greater than the plant load and
excess electricity is curtailed. When renewable production drops again
(evening of March 26th), the plant starts operating at its minimum load,
minimizing electricity consumption and requiring biogas storage
charging and syngas storage discharging. Subsequently, when renew-
able production returns (day of March 27th), the biogas tank empties
and the load of the plant increases again to its maximum load. Fig. 6b
shows the hourly energy balance over the same period of the inflexible
system with the same RENS. Renewable variability can only be managed
by the battery and by electricity absorption from the electric grid, which
leads to an increase in renewable capacity and higher curtailment.

Fig. 7 shows the annual energy balance for different locations and
different RENS for the optimized inflexible and flexible systems with the
short-term cost scenario. The positive columns represent energy inputs
from the grid, PV and wind, while the negative columns represent excess
curtailed electricity. Additionally, Fig. 7 depicts the fraction of renew-
able energy that is conveyed to and withdrawn from the BESS. At the
same renewable energy share, the flexible plant allows for better uti-
lisation of renewable production peaks, reducing the curtailment and
the need of BESS. In the Italian locations, the share of PV and wind are
comparable. In all the Danish cases, electricity generation is dominated
by wind power and lower BESS size is required, thanks to the more
stable profile of wind power generation.

Fig. 8a and c show the optimal capacity of PV, wind and BESS, and
the corresponding LCOE, as function of RENS for inflexible and flexible

plant in North Italy in the short-term cost scenario. The LCOE, is
comprised between the LCOE of PV and wind technologies as long as the
BESS system is not installed and as long as the curtailed energy is small.
In the flexible case (Fig. 8b and d), the reduced capacity of renewables
and BESS lead to reduced curtailed energy and lower LCOE,,.

When the system is constrained not to use electricity from the grid (i.
e., RENS = 100 %), the renewable and battery capacity, the curtailed
electricity and the LCOE, grow abruptly.

Table 5 provides the optimal size of syngas generation and gas sep-
aration. The maximum size of syngas generation island is achieved for
RENS between 80 and 95 % and is 133-165 % of the size of the inflexible
system processing the given biodigester flow rate. The capacity of the
gas separation section is always lower than the syngas generation sec-
tion, being the most capital intensive section of the plant. Consequently,
it is preferable to increase the volume of the syngas tank rather than
oversize this section of the plant.

4.2.2. Economic analysis

Fig. 9a depicts the CAPEX breakdown of the assessed systems in the
short-term cost scenario, including the breakdown of the biogas to
hydrogen plant into the two sections of syngas generation and gas sep-
aration. Most of the total system capital costs are associated to the cost
for renewable power generation. The CAPEX of the biogas to hydrogen
plant (including the gas storage units) ranges from 17% in the RENS-
95% North Italy inflexible case to 47% in the RENS-80% Denmark
flexible case, in the short-term scenario. In the long-term scenario, due
to the reduced cost of renewables, the CAPEX share of the chemical plant
increases to 31-55%. The flexibility of the system leads to a reduction in
the total investment costs, as the increased cost associated with the
installation of the storage tanks and the increased size of the chemical
island equipment is more than offset by the reduced investment cost of
renewables and battery capacities. In the case with RENS = 95%, the
cost reduction obtained with the flexible plant is the greatest, mainly
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Fig. 11. Flexibility-related savings on LCOE (a) and hydrogen production cost (b) in the short-term scenario.

because the high battery capacity required in the inflexible plant. The
flexible Danish case results in the lowest CAPEX. In contrast, the North
Italy case is the most expensive, as a result of the lower capacity factor of
renewables. In the long-term scenario (Fig. 9b), the reduced costs of
renewables and batteries lead to a diminished benefit from system
flexibility. For instance, in South Italy, the CAPEX of the flexible system
is slightly higher, due to the increased costs associated with the chemical
island and storages, which do not fully compensate for the reduced costs
of renewables and battery storage.

As depicted in Fig. 10a for the short-term scenario and Fig. 10b for
the long-term scenario, the investment costs and the hydrogen cost in-
crease as RENS rises, as a result of the higher capacity of renewables and
battery installed. It can be noted that the increase in production cost is
relatively small up to RENS = 95%. To achieve an off-grid operation (i.e.
100% RENS), the hydrogen production cost increases significantly. In
the short-term scenario, the hydrogen production cost is between 4.3
and 5.4 €/kg when the renewable share is 80 %. Costs are lower and
similar in the Denmark and South Italy cases and higher in the North
Italy case. Increasing the RENS to 95% leads to an increase of the pro-
duction cost up to 5.1-6.2 €/kg. At 100% RENS, the cost increases
abruptly to 7.5-9.5 €/kg in Italian cases and to over 10 €/kg in the
Danish case.

In the long-term scenario, the lower cost of renewable sources and
battery leads to reduced cost increase with the renewable share, as well
as lower cost of hydrogen. In the case with RENS = 80%, the cost of
hydrogen is between 3.7 and 4.0 €/kg and increases up to 3.8-4.3 €/kg
with RENS = 95% and to 4.6-7.4 €/kg with RENS = 100%.

The savings on LCOE, achievable with the flexible plant compared to
the inflexible plant is depicted in Fig. 11a for the short-term economic
scenario. As the share of renewables increases, the benefit increases to a
maximum of up to 30-35% and then decreases to 5-20% in the 100%
RENS case due to the significant oversizing of renewables and battery
capacity. As depicted in Fig. 11c for the short-term scenario, the savings
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on the cost of hydrogen production is lower, as the reduced renewable
energy cost is partly balanced by the higher plant cost and, more
importantly, as a major fraction of the hydrogen cost is associated to
biogas cost, which is unaffected by the plant flexibility. In any case,
flexibility allows the hydrogen cost to be reduced by up to about
10-12% in Italy and up to 18% in Denmark, above 90% RENS. In the
long-term scenario (Fig. 11b) the flexibility-related saving on LCOE, is
still maximum above 90% RENS but reduced and equal to 15-20%. The
maximum benefit on hydrogen production cost is reduced and equal to
1-9%.

Fig. 12a depicts the breakdown of the hydrogen production cost in
the short and long-term scenario with RENS = 95%. As shown in
Fig. 12a, the cost of biogas is the most impactful item for the cost of
hydrogen, accounting for 1.9 €/kg with the assumed biogas cost of 55
€/MWh. The CAPEX of the chemical island accounts from 0.64 €/kg in
inflexible systems to 0.83 €/kg in flexible plants. In flexible plants, the
cost of the gas storage systems is up to 0.11 €/kg. The CAPEX of PV and
wind plants has a significant dependency on location and varies between
1.37 €/kg in the flexible system in the South of Italy and 2.16 €/kg in the
inflexible system in the north of Italy. In Italy, the impact of the in-
vestment cost of the battery varies between 0.38 and 0.47 €/kg in
flexible systems and increases up to 0.87-1.04 €/kg in inflexible sys-
tems. Credits associated to COp capture and storage contribute to
reducing the cost of hydrogen by 0.5 €/kgyy. All the other OPEX
contribute to the hydrogen cost by 2.16-2.67 €/kg.

As previously discussed, in the long-term scenario, the low cost of
renewable power generation technologies and battery energy storage
reduce the impact of plant flexibility and optimized flexible plants
feature smaller oversizing of the chemical plant equipment as well as
smaller gas storage units. This is the reason why the impact of the CAPEX
of the chemical island in the flexible plant is only 0.71 €/kg (vs. 0.83
€/kg in the short-term scenario). The impact of the investment in re-
newables and battery varies between 0.81 and 1.14 €/kg in the flexible
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Fig. 12. Hydrogen production cost breakdown in (a) small-scale and (b) large-scale systems in both short-term and long-term scenarios with RENS = 95%.

cases and 0.91-1.40 €/kg in the inflexible ones. Overall, in the long-term
scenario, the economic benefit of flexible plants reduces compared to the
short-term scenario.

To investigate the scale-effect, a system fed with ten times the biogas
flow rate (i.e., 3900 Nm3/h) was assessed. According to IEA, large-scale
biodigesters allow to reduce the cost of biogas production from 55
€/MWh to 32 €/MWh [3]. Moreover, the capital cost of the biogas to
hydrogen plant reduce with size, thanks to the favourable scale-effect.

The results for large-scale systems are presented in Fig. 12b, with
95% renewable share. The impact of biogas on the cost of production
decreases from 1.9 €/kg to 1.1 €/kg, while the impact of the chemical
island drops from 0.64 to 0.83 €/kg to 0.33-0.41 €/kg. It is noteworthy
that reducing the cost of the chemical island increases the benefits
related to flexibility, and the cost difference between flexible and
inflexible system increases accordingly. The cost of hydrogen is always
lower in places with higher renewable availability and varies from 4.8 to
5.9 €/kg in inflexible plants to 3.8-4.9 €/kg with flexible plants, with a
relative cost reduction of 17-23%, in the short-term scenario. In the
long-term scenario, the cost of hydrogen is between 3.1 and 3.2 €/kg
with inflexible plants and 2.5-2.9 €/kg with flexible plants, with a
relative cost reduction ranging from 6 to 8% in the North Italy and
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Denmark cases to 22% in the South Italy case.

Table 5 reports the details of the main results of some interesting
cases for flexible and inflexible systems in short and long term scenario
and small and large scale plants.

4.2.3. Emissions

Fig. 13 shows the sources of equivalent CO, emissions for the flexible
plants in North Italy for the minimum and maximum embedded CO
range reported in Table 2. In all cases, indirect emissions are lower than
the captured CO2, and therefore net emissions are always largely
negative, and lower in places with higher renewable availability. The
off-grid case has higher net emissions than the RENS = 95-99 % case,
due to the oversized renewable capacity and the increasing curtailment.
In flexible systems, reduced renewable and battery capacity leads to
lower emissions for the same renewable share. The minimum values are
achieved at RENS = 99% and are between —8.0 and —9.0 kgcoz/kgna.

4.2.4. Comparison with electrolyser

This section presents a comparative analysis of the results obtained
from the eBGR systems with an electrolyser producing the same amount
of hydrogen. Fig. 14 illustrates the schematic of the electrolysis system,
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Fig. 14. Block scheme of the electrolyser system with power supply and hydrogen storage.

which includes the same power supply and hydrogen storage equipment
as the previously analysed systems. The electrolyser can operate at
partial load, with a minimum load of 5% of the maximum capacity. The
capacity of the electrolyser, renewables and storage are optimization
variables, and the system is simulated on an annual basis with hourly
resolution. The technical and economic specifications of the electrolyser
are listed in Table 2, while the assumptions for renewables and storage
units are consistent with those used for the biogas-based systems.
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Table 6 presents the results for the electrolysis systems, where it can
be noted that electrolysers with a capacity of 5.5-9.9 MW are needed to
produce the same amount of hydrogen of the small-scale eBGR plants.
The size of the electrolyser is strongly influenced by the capacity factor
of the renewable energy sources, and is larger in the case of North Italy.
The electrolyser capacity factor is higher in Denmark due to the high
availability of off-shore wind and is equal to 65% in the short-term
scenario, compared to 38-44 % of the Italian cases.
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Table 6
Results of electrolysis systems sized to produce the same hydrogen output as the small-scale eBGR plants.
Cost-scenario short-term long-term
Location North Ita South Ita Denmark North Ita South Ita Denmark
Electrolyser capacity MW 9.25 8.04 5.46 9.86 8.04 6.45
Electrolyser Capacity Factor % 38% 44% 65% 31% 38% 47%
PV capacity MW 15.25 12.42 - 19.41 13.42 10.96
Wind capacity MW 8.21 4.93 6.82 0.20 2.23 3.56
BESS capacity MWh - - - - - -
BESS eq. cycles - - - - - - -
Hydrogen storage m® 1894 1449 3318 11,896 5492 6882
Hydrogen storage hours h 66.4 50.8 116.4 417.3 192.6 241.4
LCOE;en €/MWh 104 73 80 36 30 64
EE curtailed % 12% 9% 11% 12% 9% 4%
H, production cost €/kg 10.16 8.01 7.80 2.98 2.49 3.89
REN CO4,¢q emissions (low-/high-emission scenarios) kgcoz/kg2 0.82/2.36 0.62/1.84 0.19/0.33 0.82/2.63 0.59/1.85 0.52/1.59
Grid emission kgcoz2/kgnz 1.14 1.14 1.14 0.98 0.98 0.77
CO,, capture kgcoa/kgua - - - - - -
Net emission (low-/high-emission scenarios) kgcoz/kg2 1.96/3.50 1.76/2.98 1.33/1.47 1.80/3.61 1.57/2.83 1.30/2.36
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Fig. 15. Comparison between flexible eBGR and electrolysis systems: (a) annual energy balance breakdown and (b) hydrogen production cost breakdown. Results

with RENS = 95%.
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The energy required to produce 1 kg of hydrogen is significantly
higher with an electrolyser than with electrified biogas reforming
(49-57 kWh/kgy, in the long- and short-term scenario, respectively vs.
18 kWh/kgy,), resulting in higher annual energy flows, as illustrated in
Fig. 15a.

In light of the considerable cost reduction for photovoltaics in the
long-term, the optimal solution entails a greater installed capacity of PV
and a reduced capacity of wind power, leading to an increased capacity
of renewables and a reduced capacity factor of the electrolyser (31-38 %
in Italy and 47 % in Denmark). In all cases, only 4-12 % of renewable
energy is curtailed, vs. 19-36 % of the flexible eBGR plants. This is a
consequence of the high flexibility of the electrolyser. Consequently, in
order to guarantee a constant outflow of hydrogen from the system, the
installation of substantially larger hydrogen storage unit is essential, as
compared to those utilized in biogas systems (50-420 h vs. 3-18 h of
storage).

The larger installed capacity of renewables has an impact on the
hydrogen production cost, which is notably higher in the short-term
scenario for the electrolysis than for eBGR systems, with a range of
7.8-10.2 €/kgyo. The cost of green hydrogen is primarily influenced by
the capital expenditure associated with the electrolyser (17-24 %) and
renewable energy sources (39-44 %), as illustrated in Fig. 15b. By
reducing the costs of these two key components, it is possible to lower
the overall hydrogen production cost, which ranges from 2.5 to 3.9
€/kgye in the long-term scenario. This long-term cost is significantly
lower than that of emerald hydrogen produced in small-scale eBGR
plants and comparable to large-scale eBGR systems.

Emissions from electrolytic hydrogen production are always posi-
tive, as shown in Table 6. With RENS = 95 %, the emissions associated to
grid electricity are found to be in the range of 0.8-1.1 kgco2/kgn2, while
the embedded emissions from renewables are in the range of 0.2-0.8
kgcoa/kgno in the low emissions scenario and rise to 0.3-2.6 kgcoa/kgua
in the high emissions scenario. This leads to total emissions of 1.3-3.6
kgcoa/kgmo-

5. Conclusions

In this work, a biogas to hydrogen plant based on electrified steam
methane reformer has been assessed. From process simulations, it was
obtained that 96% of the biogas chemical energy (on LHV basis) can be
retained in the hydrogen and 76% of the biogenic carbon is separated
from the syngas and available for CO, capture and storage, leading to
negative emission hydrogen production. The plant electrical consump-
tion resulted 17.7 kWh/kgyso, i.e. about three time less than the electric
consumption of low temperature electrolysis.

The integration of the biogas to hydrogen plant with solar and wind
power generation technologies has been assessed. The overall system
has been optimized to minimize the levelized cost of hydrogen, based on
yearly simulations with hourly resolution and considering: (i) inflexible
and flexible biogas to hydrogen plants; (ii) three different European
locations (South Italy, North Italy and Denmark), (iii) different shares of
renewable electricity feeding the plant; (iv) short-term and long-term
scenarios for the cost of photovoltaic and wind power generation and
of battery energy storage system and (v) small-scale (390 Nm®/h) biogas
plant and large-scale (3900 Nm?/h) plant. The following main conclu-
sions result from the study.

- The levelized cost of hydrogen varies in a wide range depending on
the case. For 95% renewable electricity share, in the different loca-
tions, it ranges from 2.5 to 2.9 €/kg for a long-term REN cost scenario
and large-scale flexible plant to 5.9-7.1 €/kg for a short-term REN
cost scenario and small-scale inflexible plants.

The cost of renewable energy and the cost of biogas are the most
impacting items on the cost of hydrogen. For 95% renewable energy
share, renewable electricity and BESS contributes with 2.2-4.6
€/kguo in the short-term scenario and 1.1-1.9 €/kgyo in the long-
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term scenario. The impact of the cost of biogas depends on the size
of the plant and ranges between 1.9 €/kgys in small-scale plants and
1.1 €/kgyo in large-scale plants.

Adopting a flexible plant allows to reduce the renewable and battery
capacity installed, as well as the amount of curtailed renewable
electricity. This leads to a reduction in the hydrogen production cost
of up to 11-16% with respect to the inflexible plant in case of 95%
renewable energy share, for small-scale plants in a short-term cost
scenario. The benefit of flexibility reduces in the long-term cost
scenario, as the reduction of the cost of renewable technologies re-
duces the economic impact of REN oversizing, curtailment and
electricity storage. In such scenario, the adoption of a flexible plant
leads to a reduction of 1-4% of the hydrogen cost in case of 95%
renewable energy share and small-scale plant. On the other hand,
increasing the size of the plant leads to increased economic benefits
of flexibility, thanks to the favourable scale effect on the capital cost
of the chemical process equipment. In these cases, with 95%
renewable energy share, the adoption of a flexible plant leads to a
reduction of 17-23% of the hydrogen cost in the short-term scenario
and of 6-22% in the long-term scenario.

System emissions are always largely negative (—9 kgcoa/kgno) if
biogenic CO is captured and stored. Cases with 95-99% RENS
involve lower emissions than 100% RENS, mainly due to lower
oversizing and the lower impact of the embedded emissions of REN
technologies.

Green hydrogen from electrolyser, compared to emerald hydrogen
from biogas reforming with CCS requires more energy (i.e. 49 — 57
kWh/kgna vs 18 kWh/kgnz) and consequently higher PV and wind
capacity. The production cost is primarily driven by the investment
in the electrolyser and renewables, resulting in a higher cost than
that of emerald hydrogen in the short-term (7.8-10.2 €/kgua vs
5.1-6.2 €/kgyo). Conversely, in the long-term scenario, electrolytic
hydrogen is cheaper than emerald hydrogen produced in small-scale
eBGR plants (2.5-3.9 €/kgys vs 3.8-4.3 €/kgyo) and has comparable
cost of large-scale eBGR systems (2.5-3.9 €/kgys vs 2.5-2.9 €/kgy2).
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