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Abstract

In this work the new BioCORE process is evaluated. BioCORE converts a continuously
produced biogas (50% CHa4, 50% CO2) stream in a Reversible Solid Oxide Cell (RSOC)
system to produce either electricity or biomethane (=Synthetic Natural Gas; SNG),
depending on the shortage or excess availability of electricity, for example from
photovoltaic and wind power. The analysis is performed based on a RSOC model, which
has been validated against experimental stack data, and further component models
created in Aspen Plus. Different process designs are analyzed, which provide different
amounts of purified excess CO: for industrial purposes. The analysis also covers the heat
and electricity demand of the biogas production, as well as gas cleaning. Furthermore, the
effect of raising the operating pressures up to 15 bar is studied. Due to rigorous exergetic
system optimization and cascaded heat integration, in combination with consumption of
excess heat in a steam cycle, the process shows very high conversion efficiencies. At a
SOC operating temperature of 765 °C and current density of 0.5 A/cm? in the “generation”
mode (electricity production) the exergy efficiency reaches up to 80.6%. During “storage”
mode operation (biogas upgrading by electrolysis and methanation) the current density is
increased to 1 A/lcm? for operating at thermo-neutral voltage, and an exergy efficiency of
85.9% is obtained.

The authors did not wish to publish their full contribution in these proceedings and possibly have
published it in a journal. Please contact the authors directly for further information.
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1. Introduction

Biogas is a valuable resource that has gained significant attention throughout the last
decades, especially in Germany. However, to date the efficiency of electricity generation
from biogas, mainly in internal combustion engines, is still well below 50%. Furthermore,
biogas plants are often operated in baseload instead of providing operational flexibility to
the electricity grid. In an attempt to solve this issue, this work provides a case study to
evaluate the thermodynamic potential and limitations of different reversible Solid Oxide
Cell (SOC) system configurations operated on biogas. The main aim of this approach is to
provide a large quantity of balance power from the existing biogas plants. For this purpose
first of all an overview over the current state of the art biogas based SOC systems, as well
as reversible SOC systems, is given. Then a new system concept is introduced and
evaluated, which shows the potential to increase the efficiency of electricity generation
from biogas in SOC.

2. Literature review on biogas based Gas-to-Power and Power-to-Gas
processes

State of the art of biogas fed SOFC systems

Operation of Solid Oxide Fuel Cells (SOFC) fed with biogas has been widely studied in the
scientific literature. For example, Chiodo et al. [1] determined a maximum DC efficiency of
61.76%.Lnv (~60% AC) for SOFC operated on steam-reformed biogas at a comparably high
temperature of 800°C and a current density of 0.25 A/cmz2. All other reforming options lead
to far lower efficiencies between 37-56%.1v. Curletti et al. [2] found typical system
efficiencies in the range of 50-62%.nv for biogas-SOFC systems with carbon dioxide
separation, and determined a maximum efficiency of 70%.nv for a pressurized gas turbine-
SOFC hybrid configuration with 90% fuel utilization in the SOFC. EU projects like
SOFCOM have shown the possible utilization of biogas from waste water treatment plants
in SOFC [3]. Additionally, some SOFC producers already offer commercial units capable
of generating electricity from biogas with electrical efficiency between 50-60%.nv [4-6]. In
2017, in the frame of the EU funded project DEMOSOFC, a Convion SOFC unit has
successfully been installed at a waste water treatment plant near Torino, Italy.

State of the art in biogas upgrading SOEC systems

In the scientific literature a consensus can be found that the thermal integration of
synthesis processes, especially methanation, and Solid Oxide Electrolysis Cells (SOEC)
by steam production represents an almost ideal combination. For a CO2-H20 co-
electrolysis system [7] found an electricity-to-SNG (Synthetic Natural Gas) plant efficiency
of up to 74.8%.nv. Similarly, the EU project Helmeth aimed at an electrolysis-CO2-
methanation efficiency of >85% based on Higher Heating Value (HHV) [8]. Pozzo et al. [9]
investigated an integrated biomass gasification-SOEC-DME (Dimethylether) synthesis
plant configuration reaching a biomass+electricity to DME efficiency of 69.5%.nv. Lorenzi
et al. [10,11] have studied biogas upgrading by direct co-electrolysis of biogas with steam.
They found a maximum biogas+electricity (5-6 MW each) to SNG exergy efficiency of 83%
(unpressurized) and 87% (pressurized), respectively. In two similar process configurations
Hansen et al. [12] found exergy efficiencies of around 80%.

Recent developments in reversible SOC systems

Recently also reversible operation of SOC has gained increasing attention. Different
system configurations have been studied in literature. A summary is shown in Table 1. As
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can be deducted from the results a quite fundamental limit of around 70% can be identified
for the Round Trip Efficiency (RTE), which is only overcome to a certain extend by
operation at low power densities. This is due to the fact that the losses are attributed firstly
to fundamental physical effects, such as overpotentials (15-20%), and secondly to system
design constraints like Balance of Plant (BoP) related consumption (10-15%).
Overpotentials can essentially only be reduced by advancements in materials or larger
SOC sizes (leading to higher cost).

Table 1: Properties of RSOC systems in the literature.

Source! Key properties? max.RTE

H2-H20 based RSOC systems
[13] (Sunfire Fuel cell operation 25 kW, 50%.+v (CHa), electrolysis 42%
GmbH) 142.9 kW, 84%.nv (H2)

[14] (DLR) Heat storage in HT-PCM, RTE: 52% (1 bar), 53% (25 bar) 53%
[15] (DLR) RTE 60% (30 bar/800°C), 55% (1 bar/850 °C), ESC, PCM 60%
[16] (Univ. of Pressurized (74%) and unpressurized (64%) with internal 74%
Pisa) heat storage in SOC stack
[7] (Politecnico Pressurized and unpressurized with air and pure oxygen 72%
di Torino) operation
Hydrocarbon based RSOC systems
[17] (CSM) Reversible SOC system with up to 30 bar, Oz operation, -
mixed species tank (evaporation not considered in
balance)
[18] (DTU, Pressurized operation at 20 bar, 250 MW, cavern storage 72%
CSM)

[19,20] (CSM) RSOC with up to 20 bar, air operation, evaporation 72%
considered, variation of H-C-ratio
[21] (CSM) Similar to [19,20] with pipeline gases 70%

Therefore, the focus should be set on system design related improvements. Furthermore,
to date all systems studied in the literature have been designed as pure storages.
Integration of RSOC with biogas plants has not been considered yet.

3. Simulations

Reversible system concept

The reversible system concept is based on the idea of utilizing a usually continuous supply
of biogas (alternatively also gasification product gas) at maximum efficiency in a system,
which allows an alternation between electricity production and electricity consumption.
This behavior is beneficial with regard to compensation of intermittent solar and wind
based renewable electricity. For electricity production, the so called “generation mode”, the
biogas is converted in the SOC operating as SOFC. The CO:2 generated during the
conversion is stored. In the electricity consuming “storage mode”, the SOC is used as a
SOEC to produce biomethane (=SNG) from CO2, biogas, and electricity. A schematic
illustration of the system concept is shown in Figure 1.

1 DLR = Deutsches Zentrum fir Luft- und Raumfahrt; CSM = Colorado School of Mines;
DTU = Technical University of Denmark
2 PCM = Phase Change Material; ESC = Electrolyte Supported Cell
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Figure 1: lllustration of the reversible system concept.

SOFC Model

The fuel cell model used in this work has first been created as a pure SOFC model in
collaboration within the EU project SOFCOM. It is a 0-dimensional thermodynamic model
set up in Aspen Plus. A detailed description of this model has been published in [22].
Furthermore, the original model has been adapted and improved to also accommodate
electrolysis operation. The results of this work have been published in [23]. A validation
against SOFC stack data can be found in [24]. For further details regarding the model the
reader is referred to these publications.

Other component models

The other system components are modelled essentially based on standard Aspen Plus
components, such as HeatX blocks (heat exchangers), Gibbs reactors (e.g. reforming,
combustion), pressure changers (compressors, pumps, turbines), etc.

Modelling parameters and main assumptions

The main parameters and assumptions are collected in Table 2. All assumptions are
based on typical values found in literature, or provided by institutions or companies where
available. Many assumptions are chosen conservative, and in no case proven current
technical limits are exceeded. In contrast to exact values from the literature some values
are rounded for reasons of simplicity, where appropriate. This includes for example the
reference pressure for exergy calculations, which is fixed to 1 bara. Absolute temperatures
provided in Kelvin are rounded down to full digits.
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Table 2: Collection of general simulation parameters.

Parameter Value Source
Electric drive/generator efficiency 0.95 Assumption
Isentropic efficiency 0.6 -0.75 Assumption
DC/AC converter efficiency 0.98 [25]
AC/DC converter efficiency 0.98 [26]
System pressures 1-15bara Assumption
Heat losses in components 0.0-2.0% of heat transferred Assumption
SOC operating temperature 973 - 1073 K (700 — 800 °C) [27]
(standard — maximum)
SOC current density 0.50 — 0.76 Alcm? (SOFC) [27]
(standard — maximum) 0.77 — 1.38 Alcmz (SOEC)
SOC stack fuel utilization 0.4-0.85 [27]
(min — max)
FE exhaust recirculation ratio 0.0-0.7
Pressure drop SOC 0.015 (SOFC) - 0.065bar [27]
(SOEC)
SOC module heat losses 0.3-2.0% of fuel energy [28]
To (exergy calculations) 388 K (15 °C)
Po 1 bara
Methanation catalyst maximum 1000 K (727 °C) Assumption
possible (adiabatic) temperature
Methanation equilibrium final state 558-573 K (285-300 °C) Assumption
Steam turbine (standard) 45 bara, 450°C, 0.6, 1 or 2 [29]
stage, 0.1 bara
Steam turbine (advanced) 85 bara, 500 °C, 0.75, 2 stage, Assumption
0.1 bara
Biogas input (LHV) 802.7 kW Aspen Plus
Biogas composition 0.5 CH4, 0.5 CO2
Biogas input (HHV) 891.6 kW Aspen Plus
Biogas exergy 844.7 kW Calculation
Biogas plant temperature 310.15 K (37 °C) [30]
(mesophilic range)
Biogas plant heat consumption 133 kWi Derived from
[30]
Biogas plant electricity consumption 20 kWei Derived from
[30]
4. Results

The main results of the simulations for the system with state-of-the-art operating
parameters (700 °C, 1 bara) in both operating modes are given in Table 3. Only the
generation mode operation can be directly compared to the operation of a conventional
SOFC system. Regarding the auxiliary consumption especially the air blower has a lower
demand compared to conventional SOFC systems, while the Fuel Electrode (FE) recycle
blower needs more power because of an overall higher fuel flow. In sum, the net efficiency
in generation mode is about 10%-points higher than in typical reference SOFC systems.
Including liquefaction of the 218.7 kg/h residual CO:2 the efficiency of power generation
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drops from 68.6%Ln1v to 66.7%LHv due to the power consumption of the required additional

compressors (not shown in the table).

Table 3: RSOC system simulation results.

Parameter SOFC SOEC
Biogas input
Biogas feed to SOC system 802.7 KWvrhv 802.7 KWvhv
Cell/stack parameters
Operating voltage 0.814V 1.308 V
SOC current density 0.501 A/cm?2 0.885 A/cm?
DC output / input 611.8 KW -1737.3 kW
Auxiliary consumption
Inverter loss -12.2 kW -35.5 kW
Digester electricity -20.0 kw -20.0 kw
Feedwater pump -0.7 kW -1.0 kw
Steam turbine 37.8 kW 9.3 kW
FE recycle blower -12.5 kW -0.8 kW
Air blower -12.6 KW -0.0 kW
Biogas blower -1.6 kW -1.6 kW
CO2 separation compressor -39.1 kW -42.4 kW
Total auxiliaries -60.9 kW -92.0 kW
Outputs
AC net output / consumption 550.9 kW -1829.3 kW
Digester heat consumption (37 °C) 133.0 kW 133.0 kW
District heating output (80/35 °C) 96.6 kW 57.9 kW
SNG output (LHV) - 2201.0 kw
SNG output (HHV) - 2449.5 kW
Wobbe Index (HHV) (10 °C, 1 bara) - 47.6 MJ/m?3
Electrical/biomethane efficiencies
LHV efficiency 0.686 0.836
HHYV efficiency 0.618 0.931
Exergy efficiency 0.652 0.858

Total efficiency (including digester heating + district heating)

LHV efficiency 0.972 0.909
HHYV efficiency 0.875 0.970
Exergy efficiency 0.676 0.864

Table 4 displays the simulation results for the pressurized system at (765 °C, 15 bara).
Compared to the previous case a significantly higher efficiency can be claimed for both
generation and storage modes. However, this is tied to more challenging technical
parameters and therefore potentially lower system lifetime.
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Table 4: Pressurized RSOC system simulation results.

Parameter SOFC SOEC
Biogas input
Biogas feed to SOC system 802.7 kWihv 802.7 KWihv
Cell/stack parameters
Operating voltage 0.929V 1.280 V
SOC current density 0.509 A/cm?2 1.012 A/cmz
DC output / input 710.3 KW -1943.4 kW
Auxiliary consumption
Inverter loss -14.2 KW -39.7 kKW
Digester electricity -20.0 kW -20.0 KW
Feedwater pump -0.5 kW -2.1 kw
Steam turbine 44.7 KW 47.8 kW
FE recycle blower -0.2 kW -0.5 kw
Oxygen compressors 9.2 kW -23.0 kW
Biogas compressor -25.0 kW -25.0 kw
CO2 separation / Biomethane compressor -6.2 kW -0.0 kw
COz2 compressor -18.3 kW -0.0 kw
Total auxiliaries -30.5 kW -62.5 kW
Outputs
AC net output / consumption 679.8 KW -2005.9 kW
Digester heat consumption (37 °C) 133.0 kW 133.0 kW
District heating output (120/35 °C) 25.8 kW 23.5 kW
Biomethane output (LHV) 0.0 kW 2394.8 kW
Biomethane output (HHV) 2662.4 kW
Wobbe Index (HHV) (10 °C, 1 bara) 50.2 MJ/m?3
Electrical / Biomethane efficiencies
LHV efficiency 0.847 0.853
HHYV efficiency 0.762 0.948
Exergy efficiency 0.806 0.859
Total efficiency (including digester heating)
LHV efficiency 1.045 0.908
HHYV efficiency 0.941 0.973
Exergy efficiency 0.821 0.864
5. Summary

In this work the new BioCORE process is evaluated. BioCORE converts a continuously
produced biogas (50% CHas, 50% CO2) stream in a RSOC system. Either electricity or
biomethane are produced, depending on the shortage or excess availability of electricity,
for example from photovoltaic and wind power. The analysis is performed based on a
RSOC model, which has been validated against experimental stack data, and further
component models created in Aspen Plus. Different process designs are analyzed, which
either convert all COz in the biogas to biomethane or provide purified excess CO:2 for
industrial purposes. The analysis also covers the heat and electricity demand of the biogas
production, as well as gas cleaning. Furthermore, the effect of raising the operating
pressures up to 15 bar is studied. Due to rigorous exergetic system optimization and
cascaded heat integration, in combination with consumption of excess heat in a steam
cycle, the process shows very high conversion efficiencies. In the pressurized case at a
SOC operating temperature of 765 °C and current density of 0.5 A/cm? in the generation

A1314 / Page 7-10



Ve
g%, 13" European SOFC & SOE Forum 2018 3 — 6 July 2018, Lucerne Switzerland

mode the exergy efficiency reaches up to 80.6%. During storage mode operation the
current density is increased to 1 A/lcm? for operating at thermo-neutral voltage, and an
exergy efficiency of 85.9% is obtained.
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