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Abstract

The application of wet biomass in energy conversion systems is challenging, since in most conventional systems
the biomass has to be dried. Drying can be very energy intensive especially when the biomass has a moisture
content above 50 wt% on a wet basis. The combination of hydrothermal biomass gasification and a solid oxide
fuel cell (SOFC) gas turbine (GT) hybrid system could be an efficient way to convert very wet biomass into
electricity. Therefore, thermodynamic evaluation of combined systems with hydrothermal gasification units and
SOFC-GT hybrid units has been performed. Three hydrothermal gasification cases have been evaluated; one
producing mainly methane, a second one producing a mixture of hydrogen and methane and the last one
producing mainly hydrogen. These three gasification systems have been coupled to the same SOFC-GT hybrid
system. All the integrated systems have electrical exergy efficiencies around 50%, therefore the combination of
supercritical water gasification and SOFC-GT hybrid systems seems promising. The overall system
performance depends for a large part on the liquid gas separation. Further research is required for finding out the
optimal separation conditions.

Keywords: Cycle-Tempo, Exergy Analysis, Hydrothermal Biomass Gasification, Modelling, SOFC-GT Hybrid
System

1. Introduction

Increasing concerns about the environmental impacts of fossil fuel consumption and their depletion lead to a
rising attention towards more sustainable sources of energy. Biomass is one of the considered sustainable energy
sources, due to its carbon dioxide neutrality. Especially, biomass waste and residual biomass streams can be used
for energy conversion processes. Many of the modern energy conversion systems convert the biomass first into a
secondary energy carrier, before it is converted into electricity. This is because the biomass is usually in a form,
which is hard to convert into electricity directly. For instance, manure is usually very wet and cannot be
combusted without being dried first. In hydrothermal gasifiers, it is possible to convert wet biomass into a
methane or hydrogen rich gas. The gas produced in hydrothermal gasification is relatively clean compared to gas
coming from conventional gasification processes. Therefore, simple gas cleaning is sufficient when compared
with conventional gasification systems. The methane or hydrogen rich gas produced in hydrothermal gasifiers
can be used to produce electricity.

The solid oxide fuel cell (SOFC) is an electrochemical device, which can convert the chemical energy in fuel
into electricity in an efficient manner. Common fuels for solid oxide fuel cells are hydrogen, methane, or
synthesis gas. When operated at elevated pressures, the SOFC can be combined with a gas turbine (GT), to
obtain a very efficient power plant.

The combination of biomass gasification with SOFC-GT hybrid systems is getting significant attention from
the scientific community [1-11]. All these studies focus on the gasification of relatively dry biomass combined
with either SOFCs or SOFC-GT hybrid systems. The combination of super critical water gasification and fuel
cells is a new concept. There is one study performed by Li et al. [12], where a tubular SOFC is tested with
simulated syn-gas assumed to be coming from supercritical water gasification.

In this paper, results from thermodynamic evaluations of power plants with hydrothermal gasification
systems coupled with SOFC-GT systems are presented. Three different hydrothermal gasification options have
been evaluated; one operates at a temperature of 673 K for the production of mainly methane, the second
operates at 773 K for the production of a mixture of methane and hydrogen and the last one operates at 873 K for
the production of mainly hydrogen. The three types of gasifiers have been coupled to a solid oxide fuel cell- gas
turbine hybrid system. Exergy analyses of the complete systems were performed.
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2. Description of Subsystems

The considered systems are divided into three sub-systems, the hydrothermal gasification system, the solid
oxide fuel cell system and the gas turbine system. The sub-systems are described in the following sections,
respectively.

2.1. Hydrothermal Gasification
Hydrothermal gasification is also known as subcritical or supercritical water gasification. With this

technique, a primary fuel is converted into a secondary fuel in an aqueous medium at temperatures above or
around 473 K and a sufficient high pressure to keep the water in a liquid or super critical state [13]. This
gasification technique has several advantages over conventional gasification techniques:

e Ability to use very wet biomass sources (>80%), like manure

e High gasification efficiency at relative low temperatures

e Low formation of tars and chars

Hydrothermal biomass gasification can be divided into three main types [14, 15]:

(i) Aqueous phase reforming, compounds originating from biomass (for instance, glucose, sorbitol, glycerol) are
gasified at around 488-543 K to mainly hydrogen and carbon dioxide in the presence of a heterogeneous
catalyst.

(ii) Catalyzed (near)-critical gasification, biomass is gasified in the presence of a catalyst to mainly methane and
carbon dioxide at either around 623 K in the liquid phase or around 673 K in the supercritical state.

(iii) Super critical water gasification, biomass compounds are gasified to mainly hydrogen and carbon
dioxide with or without a catalyst at temperatures around 873-973K.

In hydrothermal gasification the idea is to benefit from the special properties of near critical or supercritical
water [14]. Water from ambient to supercritical conditions changes its character from a solvent for ionic species
to a solvent for non-ionic species [16]. Also the electrochemical properties of water change from ambient
conditions. The pH values decreases by three units, providing more hydronium ions for acid catalyzed reactions
[16]. The reactivity of water increases near the critical point with as well as without catalyst [16]. At near critical
and supercritical conditions water and gasses like O,, N,, NH;, CO, CO, are completely miscible and the
solubility for inorganic compounds in water decreases [15].

In hydrothermal gasification, water is not only used as a solvent, but also as a reaction partner. Biomass is
relatively fast hydrolysed in near or supercritical water resulting in a rapid degradation of the polymeric structure
of the biomass into a mixture of sugars [14]. The sugars are further converted as indicated in reactions (1) and
2).

C¢H,,04+6H,0 — 6CO,+12H, (1)

C¢H,,0, - 3CH,+3CO, 2)

In these reactions, the sugars are represented as glucose. The reactions (1) and (2) are also relatively fast
resulting in a gas at relatively low temperature compared to the “dry process” [14, 15]. The high solubility of the
intermediates in the reaction medium significantly inhibits tar and coke formation [14, 15]. After the reaction
and cooling carbon dioxide is mainly dissolved in the water, due to its high solubility at elevated pressures. The
pressurized gas separated from the liquid phase has a relatively low CO, content, hence, a high heating value
[14].

A major disadvantage of hydrothermal gasification is the large amount of water which needs to be heated.
The heat required to reach e.g. 873 K can exceed the energy content of the applied biomass [14]. Therefore, the
application of a heat recovery heat exchanger is required and the efficiency of the heat exchanger is very
important.

Supercritical water gasification (SCWG) has special material requirements for the reactor, since in super
critical water gasification both the temperature and pressure are high [14]. One of the important problems in
hydrothermal gasification is reactor plugging [14, 17, 18]. This is caused by the formation of inorganic salts,
which precipitate during the gasification process. The salts can also have deteriorating effect on catalysts [16].

In this paper three cases are considered; the main difference between these cases is the type of hydrothermal
gasification employed.

e Case 1, the hydrothermal gasification operates at a temperature of around 673 K, a pressure of 34 MPa and
uses a catalyst (activated carbon). This system produces mainly methane and carbon dioxide using mainly
reaction (2)

e Case 2, operates at a temperature of approximately 773 K, a pressure of 34 MPa and without a catalyst. The
product of this system is a mixture of hydrogen, methane and carbon dioxide using both reaction (1) and (2)

e Case 3, operates at 873 K, a pressure of 24 MPa and also without catalyst. This system produces mainly
hydrogen and carbon dioxide using mainly reaction (1).
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The gas produced during the SCWG is separated from the water by flashing. The produced gas contains some
impurities, like hydrochloric acid and hydrogen sulphide. These compounds need to be removed before the gas is
fed to the SOFC-GT hybrid system. The SOFC-GT is considered as sensitive towards poisoning by hydrochloric
acid and hydrogen sulphide when they are present in excessive quantities, which results in performance
deterioration of the systems. Before the removal of hydrochloric acid and hydrogen sulphide, superheated steam
is added to the gas to increase the moisture content of the gas and to prevent carbon deposition in the acid gas
removal units. Hydrochloric acid is removed by adsorption on sodium carbonate and hydrogen sulphide is
removed by adsorption on zinc oxide. Both adsorption processes are performed in packed beds.

The technology of hydrothermal biomass gasification is still in its development stage.

There is some experimental data available, but the results are not compared to experimental results. Most of
the experimental data available is based on model compounds, like glucose, and very limited data on actual
biomass or in this case manure.

2.2.  Solid oxide fuel cell system

As it is in the case of hydrothermal gasification, the SOFC technology is also still in a development stage. The
solid oxide fuel cell considered in this work is based on Ni/GDC anodes and lanthanum strontium manganite
(LSM) cathodes at temperatures above 1173K. No relevant data is available about stack performance using bio-
syngas. Some reports on cell performance using bio-syngas are available [1, 19]. Based on these reports, data
necessary for system calculations have been assumed. These assumptions are for the values of different
parameters, like fuel cell resistance and current density.

2.3.  Gas turbine and heat recovery system

The gas turbine system does not represent any commercially available gas turbine. The isentropic and
mechanical efficiencies are chosen such that, they could represent a well matched gas turbine. The anode gas and
cathode gas coming from the fuel cell are partially recycled to the inlet of the fuel cell. The residual gasses are
fed to the combustion chamber of the gas turbine. All these units operate at elevated pressure. The flue gasses
from the combustion are expanded in the turbine. The turbine exhaust gasses are used to pre-heat the air for the
fuel cell.

The flue gasses coming from the gas turbine are mixed with the flue gasses coming form the gasification
part. After the mixing of the flue gasses, it is still possible to extract heat from the flue gasses. This is included as
a heat sink which represents a heat consumer. The recovered heat can be applied for various purposes. The flue
gasses are released in the atmosphere through a stack at a temperature of 383 K.

3. Modelling

For the modelling of hydrothermal gasification systems combined with the SOFC-GT hybrid system, the
flow sheeting program Cycle-Tempo [20] is used. This flow sheeting program is especially designed for the
evaluation of energy conversion systems. For the flash calculations required in the systems, the computer
program Aspen Plus [21] is used. In this section, a description of the model and of the modelling principles
applied is given. First the gasification model is discussed and then the SOFC-GT hybrid system. Finally, the
used assumptions and model input are presented.

3.1. Hydrothermal gasification of manure

The manure used in this system study is assumed to be a mixture of cow manure and pig manure. The dry ash
free (daf) composition of the manure is taken from Phyllis [22], a database of compositions of biomass and
waste. The used values are given in Table 1. These values in the wet composition are based on the assumption of
a moisture content of 80 wt% on wet basis. The calculated values of the wet manure can also be found in Table
1.

In Fig. 1, the flow sheet of the hydrothermal gasification of manure is given. For modelling purposes the
manure is put into the model as a gas stream. The compression of the manure is modelled as a sink (no. 2). The
output pressure and output temperature are set to the values calculated for the compression of liquid water with
an isentropic efficiency of 60% and a mechanical efficiency of 90%. The required power input for the pump is
also included in the calculations. This approach is used since Cycle-Tempo overestimated the power input
requirement of the compression as Cycle-Tempo could not handle the fuel as a liquid.

The hydrothermal gasification is modelled with single gasifier unit (no. 5); this unit calculates the outgoing
gas composition via minimization of the Gibbs energy. For a first estimation of the gas composition coming
from the SCWG, Gibbs energy minimization has shown to give good overall predictions for the gas composition
[23, 24].

The salts which are formed during the gasification are removed in a separator (no. 6). Some of the heat is
then recuperated in heat exchanger (no. 3).

To separate the product gas from the water the pressure is released to flash pressure (sink no. 7) and the fluid is
cooled to 298 K with cooling water (heat exchanger no. 8). The mixture is flashed separating the gas from the
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liquid. The liquid stream is flashed to atmospheric pressure (separator no. 71), to release the dissolved gasses
from the liquid water. These released gasses are combusted in a combustor (no. 72) to provide additional heat to
the process (heat exchangers no. 4 and 11).

For the flash calculations, a separate Aspen model is used, since in Cycle-Tempo it is not possible to do this
type of flash calculations. The thermodynamic model used for these flash calculations is Redlich-Kwong-Soave
model with modified Huron-Vidal mixing rules [25]. From the flash calculations the separation ratios are
determined for the two separators which represent the flashes (n0.9 & 71) in the Cycle-Tempo model. The
separation factors for hydrochloric acid are not calculated by Aspen, since Aspen is not able to do the
calculations on ioninc compounds with the Redlich-Kwong-Soave with modified Huron-Vidal mixing rules
equations of state model. The solubility of hydrochloric acid is expected to be high, so the separation factors of
95% for the first flash and 75% for the second flash are chosen.

The gas released by the first flash (separator no. 9) is the product which is used later as fuel for the fuel cell.
This gas still contains small amounts of hydrochloric acid and hydrogen sulphide. These small amounts need to
be removed, since they will have a deteriorating effect on the SOFC-GT hybrid system. Before the hydrogen
sulphide and hydrochloric acid is removed, steam is added to the gas in order to prevent carbon formation in the
removal system. The superheated steam is produced in a boiler (no. 73) using the hot flue gasses coming from
the combustor.

The hydrochloric acid is removed in packed bed with sodium carbonate and hydrogen sulphide is removed
from the gas in a packed bed with zinc oxide. This is modelled as a separator (no. 13) with a pressure drop which
is assumed to remove all the hydrochloric acid and hydrogen sulphide from the gas. The gas is then heated in a
heat exchanger (no. 14) with the hot flue gas coming from the combustor (no 72).

3.2.  Solid Oxide Fuel Cell Gas Turbine Hybrid System

In Fig. 2 the flow sheet for the SOFC-GT hybrid system is given. The fuel gas coming from the gasification
section is mixed with a recycled stream from the fuel cell anode before it enters the fuel cell (no. 16). The fuel
cell is modelled as a direct internal reforming (DIR) solid oxide fuel cell. The anode gas entering the fuel cell is
brought to its chemical equilibrium by means of Gibbs minimization calculations. Then the cell voltage V, active
cell area, the current flow 7 and the electrical power output P, are calculated by the model. The fuel mass flow
into the fuel cell is related to the current flow as indicated in equation (3).

I= %ﬂzmﬁz + Yoo +4yen, Uy (3)
a
Here, )’10 are the concentrations of the different components at the inlet, M, is the molar mass of the anode

gas, F is the Faraday constant and Uy is the fuel utilization.

The temperature and pressure are supposed to be constant during the process. The mass flow of oxygen from
the cathode to the anode is calculated based on the current flow. An energy balance is used to calculate the air
flow through the fuel cell, since the temperature at the outlet is given. For the calculation of the cell voltage, the
current density and power output a one dimensional model is used. This means that the temperature, pressure and
composition are supposed to be constant in a cross-section, perpendicular to the flow of fuel through the fuel
cell. The local reversible cell voltage V.., the local current density i, and the local concentrations y,(H,, CO,
CO,, CH, and H,0) are calculated. For the cross-section the reversible cell voltage V., x is determined with the
Nernst equation assuming ideal gas:

0.5
RT [ Y0,00m,.
e 1n[—°2’° hd xpflem)

rev,x rev
Y H,0.a

Where Vrgv is the standard reversible voltage for hydrogen, R the universal gas constant, 7' is the
temperature, y is the mole fraction at the cross-section and p. is the pressure. It is assumed that the voltage
losses on the level of the electrodes are negligible in the x-direction. This means that the cell voltage is supposed
to be constant over the fuel cell. So, the voltage loss AV, can be calculated using the following equation:

AV, =V, -V )

rev,x

Where AV, is the voltage loss. The current density can then be calculated with:

i=—>" (6)

Here R, is the equivalent fuel cell resistance.
Over the whole fuel cell these quantities are connected with the following equation:

1 U
e ™)
A F
dg
Re
a 0 (Vrev,x _V)
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Here, I is the total current, A is the fuel cell area and &is the dimensionless reaction coordinate. With the
current and voltage known the power output can be calculated.

The residual fuel leaving the fuel cell is combusted in a combustor (no. 18). The hot flue gasses are then
expanded in a turbine (no. 19) which is connected to a generator through a shaft. The enthalpy of the outlet is
calculated using equation (8), for the compressor equation (9) is used.

houl = hin — T (hm - houl,s) (®)
=h, +M 9)

Ui
In these equations, A, is the specific enthalpy of the outlet, /;, the specific enthalpy of the inlet, 7; the
isentropic efficiency and A, is the specific enthalpy of the gas when isentropically expanded. When the
enthalpy change is known, the power output can be determined with the mass flow.

The flue gasses are used in a recuperator (no. 20) to pre-heat the cathode air. Finally the flue gasses are
mixed with the flue gas from the gasification plant and a part of the heat is recovered in a heat sink (no. 23). This
heat could be used to produce even more electricity, for example, with an organic rankine cycle. After this, the
gas is released to the environment through a stack (no. 21).

3.3  Assumptions and model input

Several general assumptions have been made for the models:

e  Steady state

No fouling in the equipment
No catalyst deactivation
All processes are adiabatic
The heat exchangers are operated in counter current flow

The input values for the hydrothermal gasification of the different systems are given in Table 2. In Table 3,
the input values for the SOFC-GT hybrid system are given. For both tables, the temperatures (7) are given in °C,
the pressures (p) in bar, the mass flow (¢,,) in kg s, the equivalent fuel cell resistance (R.q) in Q m” and the
current density (i) in A m™. The full description of the symbols is given in the list of symbols.

Cycle Tempo can perform exergy calculations. The exergy of all flows considered in the flow sheet is
calculated based on previously calculated temperatures, pressures and chemical composition. The thermo-
mechanical (physical) exergy and chemical exergy are calculated separately.

The thermo-mechanical exergy Ex, is calculated using equation (10).

Exy, =(h=hg)=Ty(s=so)  (10)

Here, & is the enthalpy of a stream, s is the entropy of a stream, A is the enthalpy of a stream at reference
conditions, sy is the entropy of a stream at reference conditions and 7y is the temperature at reference conditions.

For the calculation of the chemical exergy, a definition of the environment is required. The composition of
the environment in the calculation is given in Table 4, which is the composition of air saturated with water
vapour as specified by Baehr [26], but at an environmental temperature of 288 K and pressure of 101325 Pa. The
chemical exergy Ex,, is calculated using equation (11).

Ex, = Z yiexy; + RYZ)Z y;Iny, (11

Here, y; is the molar fraction of component i, ex; is the standard chemical exergy of component i which is based
on the reference environment and 7 is the reference temperature,
The overall exergy Ex is calculated using the following relation:

Ex =@ (Exy, + Exy) (12)

Where, ¢y, is the molar flow.

Chlorine, sulphur and the elements in the ash are not defined in the chemical composition of the
environment. Therefore, the components containing these elements are assumed to have zero exergy. Since the
concentrations of these elements in the biomass are very low this assumption would result only in a negligible
error.

Energy efficiencies are based on the Lower Heating Value (LHV) of the fuel. The exergy efficiency is
generally defined as follows.

z Exproducls

Tex :ZT 13)
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Where Exproqucts 18 the exergy of the flows which are considered to be products going out of the systems,
Exource 15 the exergy of the flows which are considered to be necessary for making the product going into the
system. Further specification of the EX,oquet and EXyource 1S necessary in order to calculate system efficiencies. In
this paper the electrical exergy efficiency (77, ) is defined as:

_ Z Pel.out - z Pel,in (14)

n ex.el —
Exfuel,in

Here is P, the gross electrical output of the system, Py, ;, the electrical power input in the system (auxiliary
power) and Exg i, 1S the exergy of the fuel put into the system.

4. Results and discussion

The mixture of pig and cow manure enters the system with a mass flow of 0.28 kg/s at environmental
conditions. This stream is pressurized to a pressure of 35 MPa for cases 1 and 2. For case 3 the manure is
pressurized to a pressure of 25 MPa. The pressurization results in power consumption of the pump of 17.83 kW
for cases 1 and 2, for case 3 this is 12.75 kW. After the pressurization, the fluid is heated in heat exchangers to
process conditions and then gasified. The precipitated solid salts are removed and the fluid is cooled by heat
exchanging with the pressurized feed. Then some pressure is released till a pressure of 15.3 MPa and the fluid is
further cooled. In Table 5, the composition of the resulting fluid (pipe 10) for the different systems is given.

The composition of pipe 10 is entered into the Aspen flash model to determine the separation factors. These
separation factors are given in Table 6 for every case. The chosen separation factors for hydrochloric acid will
hardly influence the calculations since the concentrations are low. In this model it is not important for
determining the system performance, since it is assumed that the chlorine removal bed will adsorb all the
residual chlorine. When designing an actual system to be built; it is important to know how much chlorine will
be in the gas after the flash. Especially, when dimensioning the chlorine removal system. Hydrochloric acid may
have a detrimental effect on the solid oxide fuel cell. Chlorine is a bit tricky, its influence is not that clearly
known.

For case 3, a higher pressure is used in the first flash. This is done to increase the amount of combustibles
dissolved in the water. These combustibles are used after the second flash for the generation of heat for the
process. When the same pressure was used as in the cases 1 & 2, the heat generation was not sufficient for the
process.

The resulting gas composition for pipe 11 can be found in Table 5. The gas is further expanded to 6.9 bar and
then heated in the following heat exchanger to 673 K before steam is added. In case 1, 0.008 kg s steam is
added with a temperature of 673 K and a pressure of 6.8 bar. In cases 2 and 3, 0.005 kg s™' steam is added at
same conditions as in case 1. Since the gas in case 1 is methane rich, more steam is required. This steam is also
used in the reforming process in the SOFC downstream. The steam is added to prevent carbon formation in the
sulphur and chlorine removal as well as in the SOFC. The composition of the gas sent to the SOFC-GT hybrid
system (pipe 16) is given in Table 5.

Before the gas enters the anode of the fuel cell, it is mixed with the anode recycle stream. The mixture enters
the fuel cell at 1173 K. Air extracted from the environment is compressed in the compressor of the gas turbine
and heated in the recuperator, before it is mixed with the cathode recycle stream. The air mixture enters the
cathode of the fuel cell at a temperature of 1173 K. Part of the anode off-gas is recycled as well as a part of the
cathode off-gas is recycled, the recycle ratios for every case can be found in Table 7. The residual off-gasses
enter a combustor where the residual fuel in the anode off-gas is combusted. The hot flue gas is expanded in the
turbine. In Table 7, results can be found of the SOFC/GT hybrid system for the different cases.

In Table 8, an overview of the power production and the efficiencies of the different systems are given.

As can be seen in Table 8, the net electrical performances of the three cases do not deviate much from each
other. The electrical exergy efficiency is around 50%, which is comparable to the efficiency of conversion
systems based on dry biomass, like in refs. [2, 11]. When wet biomass is applied in systems for dry biomass, the
biomass has to be dried first. The drying will reduce the performance of the systems based on dry biomass.

In order to get an overview where the exergy losses within the system occur, an exergy flow diagram has
been created for each case. In these diagrams, the losses are indicated by the gray areas. In Fig. 3, the exergy
flow diagrams for the three cases are given. The unit numbers which are included in the different system sections
as indicated in Fig. 3 are given in Table 9.

From Fig. 3, it can be seen that the gasification section has the largest losses in the whole system. The losses

for the gasification are in case 1 larger than for cases 2 &3. The losses are mainly caused by the irreversibilities
in the gasifier (unit 5). The chemical exergy of the stream leaving the gasifier is smaller for case 1 than for the

Wiley-VCH



Page 7 of 16

©CoO~NOUTA,WNPE

Fuel Cells

other two cases and the chemical exergy of the input stream is for the three cases the same. This chemical exergy
is lost for a large part. Since the loss of exergy should be minimized, cases 2 & 3 are preferred. Other larger
contributors in losses of the gasification section are the heat exchangers (unit 3 & 8) and the combustor (unit 72).

The losses in the gas cleaning section of case 2 are significantly lower than for the other two systems. The
losses in this section are dominated by the heat exchangers and the boiler. The cause of these losses can be
clearly shown by heat-temperature diagrams of the heat exchangers (units 11 & 14) and the boiler (unit 73) for
every case. In Fig. 4, the heat-temperature diagrams of units 11, 14 and 73 for the different cases are given.

The slope of the hot fluid temperature line is steeper in case 2 (14.1 K kW) than for the other two cases (for
case 1: 12.7 K kW' and for case 3: 9.6 K kW™). In the other two cases more flue gas is formed in combustor
(unit 72), resulting in a larger mass flow. The amount of combustibles going to the combustor is determined by
the flash conditions, and that determines the amount of flue gas that is produced. The air factor is for every
system the same. Also, the temperature differences between the hot fluid and cold fluids are smaller for case 2
than for the other cases. This is represented by the shaded area in Fig. 4.

The power output of the fuel cell in case 3 is lower than in the other systems. This is partly caused by the fact
that more anode gas is recycled than in the other systems. The recycling has a diluting effect on the fuel,
resulting in a lower fuel cell output. The lower performance of the fuel cell is partly compensated by the higher
output of the gas turbine. The air flow through the fuel cell is higher than in the other cases, because the fuel cell
requires more cooling due to lower methane fraction and higher hydrogen fraction in the fuel.

For case 1, the losses for the gas turbine are smaller than in the other systems. This is partly caused by the
amount of air required in the SOFC-GT hybrid system. The fuel cell is cooled by the cathode air flow. If the
amount of hydrogen in fuel increases, the fuel cell requires more cooling, because less heat is extracted by the
internal reforming. The increased mass flow of air causes an increase of the losses in the air compressor, air
recycle blower, turbine and mixing points.

Case 3 has a larger heat production than the cases 1 &2. Since case 3 has the largest mass flow of flue gas
coming from the combustor.

The two flue gas streams coming from the gasification section and from the gas turbine are mixed to make it
easier to extract heat from it. The heat is extracted by a heat consumer, which cools the flue gas to a temperature
of 383 K. This value is chosen to prevent condensation of the water in the flue gas. The type of heat consumer is
not further researched, many options are available, for instance, an organic rankine cycle for the production of
additional electricity, steam production for other process, production of hot water for district heating, etc.

The most determining factor for the performance of the whole system is the flash conditions of the first flash
vessel. The flash conditions determine the amount of gas and the composition of the gas. The solubility of the
different components in water depends on the pressure. The secondary flash is used to release the dissolved
compounds from the water, which results in a combustible gas. It is possible to optimize the flash conditions in
such a way that the maximal amount of gas for the fuel cell is produced and still enough heat can be produced
from the gas released in the second flash to support the processes. This optimization is not performed, and is
considered as a future research topic. The current flash conditions deliver almost similar mass flows of gas
towards the gas cleaning section and SOFC-GT system.

5. Conclusions

The coupling of hydrothermal biomass gasification and a SOFC-GT hybrid system has been
thermodynamically evaluated by modelling several systems in Cycle Tempo. The biomass used in this study is a
mixture of pig and cow manure with a moisture content of 80 wt% on a wet basis. Three different types of
hydrothermal gasification have been modelled and combined with a SOFC-GT hybrid system. Case 1 is based on
catalytic gasification at a temperature of around 673K and a pressure of 34 MPa; this results in a producer gas of
mainly methane, carbon dioxide and a relatively small amount of hydrogen. Case 2 is based on non-catalytic
gasification at a temperature of 773K and a pressure of 34 MPa resulting in a mixture of hydrogen, methane and
carbon dioxide. Case 3 is based on non-catalytic hydrothermal gasification at a temperature of 873K and a
pressure of 24 MPa resulting in a hydrogen rich gas. The coupled SOFC-GT hybrid is kept identical for every
system. The electrical exergy efficiency for the cases 1, 2 and 3 are 49.8%, 51.8% and 49.6%, respectively.
These efficiency values are reasonably comparable with previously reported efficiencies for SOFC-GT systems
combined with conventional gasification techniques based on dry biomass. The combination of hydrothermal
gasification and SOFC-GT hybrid systems seems very promising especially for wet biomass streams.

The non-catalytic hydrothermal gasification processes of cases 2 & 3 are preferred, since these processes
have lower chemical exergy losses in the gasification than case 1.
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The conditions of the flash used for separating the gas from the liquid have a large influence on the
performance of the system because it influences the amount of combustibles dissolved in the liquid. Further
study into the flash conditions is required to optimize the system.

List of Symbols

A Air factor

n Efficiency / %

Mex Exergy efficiency / %

Tex.el Electrical exergy efficiency / %

AH o Enthalpy change / kJ kg™

7 Isentropic efficiency / %

O Mass flow / kg s

Pnain Mass flow at inlet of anode / kg s™

Bnol Molar flow / mol s!

¢ Dimensionless reaction coordinate

Ap Pressure drop / bar

Ap, Pressure drop for primary stream / bar

Apy Pressure drop for secondary stream / bar

Apan Pressure drop at the anode of a fuel cell / bar

Ap e Pressure drop at the cathode of a fuel cell / bar
Apy Pressure drop at hot side of a heat exchanger / bar
Ap, Pressure drop at cold side of a heat exchanger / bar
AV, Voltage loss / V

A Active cell area / m*

DCAC Efficiency of the DC to AC conversion / %

exy; Standard chemical exergy of component i / kJ mol™
Ex Exergy of a stream / kW

Exy, Thermo-mechanical exergy / kJ mol™

Exq Chemical exergy / kJ mol™

EXpyelin Exergy of the fuel input / kW

EXproduct Exergy content of the products / kW

EXoource Exergy content of the sources / kW

F Faradays’ constant

h Enthalpy of a stream / kJ mol™

hy Enthalpy of a stream at reference conditions / kJ mol
hin Enthalpy of a stream at the inlet / kJ mol™'

Nout Enthalpy of a stream at the outlet / kJ mol™

Rous Enthalpy of a stream at the outlet in case of isentropic compression/expansion / kJ mol™
i Current density / A m™

1 Current/ A

y? Molar fraction of component i at the inlet

Vie Molar fraction of component i at the cathode

Via Molar fraction of component i at the anode

M, Molar mass anode gas / kg mol™!

Pein Electrical power input / kW

P out Electrical power output / kW

Peell Fuel cell pressure / bar

Pout Outlet pressure / bar

Pout2 Outlet pressure of the secondary stream / bar

PR Pressure ratio

Preact Reaction pressure / bar

R Universal gas constant

Req Equivalent fuel cell resistance / Q m’

s Entropy of a stream / kJ mol™ K

o Entropy of a stream at reference conditions / kJ mol™ K™
Ty Reference temperature / °C

Tt Fuel cell temperature / °C

Tinz Inlet temperature secondary stream / °C

Tinan Inlet temperature at the anode of a fuel cell / °C

Wiley-VCH



Page 9 of 16

©CoO~NOUTA,WNPE

Fuel Cells
Tin cat Inlet temperature at the cathode of a fuel cell / °C
Tout Outlet temperature / °C
Tou Outlet temperature of the secondary stream / °C
Toutest Estimate outlet temperature / °C
Toutn Temperature of the outlet at the hot side of a heat exchanger / °C
Treact Reaction temperature / °C
Uy Fuel utilization
Vv Cell voltage / V
Vievx Reversible cell voltage / V
Vrgv’x Standard reversible cell voltage /V
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Figure captions

Fig. 1 flow sheet of super critical water gasification

Fig. 2 flow sheet of the solid oxide fuel cell gas turbine hybrid system

Fig. 3 exergy flow diagrams for the three different systems

Fig. 4 heat-temperature diagrams for units 11, 14 & 73 for the different systems
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Tables

Table 1 composition mixture of cow and pig manure[22]
Component wt% daf mol% wet
C 47.4 8.83

H 6.7 7.43

(¢} 353 247

N 4.2 0.34

S 0.8 0.05

Cl 1.5 0.10

Ash 0 2.31

H,O 0 78.48
LHV [kl/kg] 19859 3960

Table 2 input values for hydrothermal gasification of the different systems

Unit | Name Case 1 Case 2 Case 3

1 Source Pou=1.01325, T,y =15, Pour=1.01325, Ty =15, Pou=1.01325, T,y =15,
0m=0.2778 0n=0.2778 0nm=0.2778

2 Sink/Source pout:350, Tout:21 1 poutz350, Tout=21 1 pout:250, Tom=19.32

3 Heat exchanger ~ Ap,=6, Ap=6.1, App=6, Ap;=6.1, Apy=5, Api=5.1,
Tout,h: 1 95 Tom,hzl 95 Tout,h: 1 40

4 Heat exchanger ~ Ap=0 Ap=0 Ap=0

5 Gasifier Ap1=0, Tin,2=4007 Ap1=0, Tin,2=5007 Ap1=0, Tin,2=600,
Preaci=343.9, Preac=343.9, Treae=500, Preact=343.9, Teaei=600,
Treaci=408.49, Pout2=343.9, Tou2=500 Pout2=343.9, Tou 2=600
pout,2=343 .9,
Tou,=408.49

6 Separator Ap1:6, Ap2:6, ATIZO, Ap1:6, Ap2:6, AT1:O, Ap1=5, Ap2:5, ATIZO,
ATZZO ATZZO ATZZO

7 Sink/Source Ap=178.9, AH,,=0, Ap=178.9, AH,,=0, Ap=80.9, AH,,=0,
Tout,est= 187.5 Tout,esl= 187.5 Tout,est= 150

8 Heat exchanger  Ap,=3, Ap;=0.01, Apy=3, Api=0.01, Apy=3, Ap;=0.01,
Tout,h=25 Tout,h=25 Tout,h=25

9 Separator Ap1=100, Ap2=100, Ap1=100, Ap2=100, Ap1:50, Ap2:50, AT1:O,
AT 1:0, AT2:O AT 1 :O, ATZZO ATZZO

10 Sink/Source Ap=43, AH,,=0 Ap=43, AH,,=0 Ap=93.1, AH,,=0

11 Heat exchanger  Ap,=0.001, Ap;=0.1, Apy=0.001, Ap;=0.1, Apy=0.001, Ap;=0.1,
Tou =400 T oy =400 Tou =404

12 Node

13 Separator Ap1:0.2, Ap2:O.2, Ap120.2, Ap2:0.2, Ap1:0.2, Ap2:O.2,
AT]ZO, AT2:O AT1:O, ATZZO AT]ZO, AT2:O

14 Heat exchanger  Ap,=0.01, Ap;=0.042, Apy=0.001, Ap;=0.042, Apy=0.001, Ap;=0.1042,
Toun=859 Toun=862.5 Tou,=835.5

61 Sink/Source

71 Separator p:i=1.01325, p»=1.01325, | p;=1.01325, p,=1.01325, | p;=1.01325, p,=1.01325,
AT =24.4, AT,=24.4 AT =244, AT,=24.4 AT =24.4, AT,=24.4

72 Combustor Pou=1.016, A=1.3, Pou=1.016, A=1.3, Pou=1.016, A=1.3,
Treact= 1000, Treact= 1000, Treact= 1000,
Preacc=1.01325 Preacc=1.01325 Preacc=1.01325

73 Heat exchanger ~ Ap,=0.001, Ap;=0, App=0.001, Ap=0, Apy=0.001, Ap;=0,
Tout,l=400 Tout,1=400 Tout,l=404

81 Sink/Source

91 Sink/Source

101 Sink/Source Pou=1.01325, T;,=20, Pour=1.01325, T;,=20, Pou=1.01325, T;,=20,
Tou=15 Tou=15 Tou=15

201 Sink/Source Pou=1.01325, T,y =15 Pour=1.01325, Ty, =15 Pou=1.01325, T,y =15

202 | Node Ap=0 Ap=0 Ap=0

301 Sink/Source pout:6 .8 s Tout: 15 s pou1:6- 8, Tout: 15 s pout:6 .8 s Tout: 15 s
$,=0.0078 0.,=0.005 $0,=0.005
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1
2
3
4 Table 3 input for the SOFC-GT hybrid system coupled to the hydrothermal gasification
5 Unit | Name All cases
6 15 | Node Ap=0
; 16 | Fuel cell APw=0.2, Ape=0.2, Tin 1=900, Ty =900, T =1000, pee=6.5, T(c=950, Preaci=6.5,
9 Treaei=950, Ui=0.85, DCAC=0.97, R.=5¢-5, i=2500
17 Node
12 18 Combustor Ap:OS’ Treae=1000, preact=6-4
12 19 Turbine 1:=0.80
13 20 Heat exchanger ~ Ap,=0.001, Ap;=0.2, AT,=30
14 21 | Stack pin=1.01325
22 Node Ap=0
ig 23 Heat sink Ap=0, To,=110
17 252 | Compressor PR=6.67, n;=0.80
1 253 | Node Ap=0
18 254 | Node
20 501 | Compressor 1;:=0.70
21 551 | Compressor 1:=0.70
22 G Generator 1n=0.97
23
24 Table 4 chemical composition of the environment[26]
25 Component Molar fraction [%]
26 Ar 0.91
27 CO, 0.03
28 H,0 1.68
29 N, 76.78
30 0, 20.60
31
32 Table 5 composition in mole% of the fluid in different pipes of the system
33 Component Case 1 Case 2 Case 3
34 Pipe number (Figure 1) 10 11 16 10 11 16 10 11 16
35 Mass flow / kg s 026 002 003 026 003 003 |026 002 003
36 Temperature / K 298 298 1132 298 298 1136 | 298 298 1109
37 Pressure / bar 1500 500 66 1500 500 6.6 1500 1000 6.6
38 H, 095  10.69 7.62 | 239 2302 1895 |586 4499 38.12
39 CH, 560 5957 4249 | 519 4789 3940 | 419 3057 25.90
40 Co 002 006 004 |003 026 022 |015 117 099
41 Co, 4.79 2507 17.88 | 510 2492 2051 |579  20.18 17.10
42 H.S 007 017 000 | 007 017 000 |007 012 000
43 HCl 009 006 000 |009 005 000 |009 004 0.00
44 N, 037 426 303 |037 359 296 |036 284 241
45 NH; 002 001 000 |002 001 001 |003 001 001
j? H,0 88.09  0.11 2894 | 8674 0.09 1795 | 83.46 0.08  15.46
48
49 Table 6 separation factors for the two flashes in the different systems
50 Case 1 Case 2 Case 3
o1 Flash1  Flash2 | Flash1  Flash2 | Flash1  Flash?2
o2 Pressure / bar 50 1.01 50 101 100 1.01
53 Temperature / K 298 298 298 298 298 298
54 CH, / mole% 15.17 0.68 12.84 0.72 19.04 0.44
55 CO / mole% 0.00 0.00 8.73 0.00 14.35 1.09
56 CO, / mole% 58.26 6.52 53.83 6.66 61.36 4.48
57 H, / mole% 10.72 0.24 8.86 0.34 14.83 0.22
58 H,0 / mole% 99.99 99.86 99.99 99.87 99.99 99.80
59 H,S / mole% 78.93 17.52 75.95 17.87 79.93 12.55
60 HCI / mole% 95.00 75.00 95.00 75.00 95.00 75.00
N, / mole% 9.33 0.71 7.79 0.00 12.53 0.00
NH; / mole% 97.90 74.54 97.32 75.23 97.66 66.40
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Table 7 results of the SOFC/GT for the different cases

Case 1 Case 2 Case 3

Air input / kg s’
Cell voltage / V

Active cell area / m*
Anode recycle ratio / %
Cathode recycle ratio / %
Turbine inlet temperature / K | 1462 1458
Turbine outlet temperature / K | 1084 1079

Pressure ratio

0.31 0.33
0.816 0.821
180.4 185.3
19.8 18.8
53.7 54.7

6.7 6.7

0.37
0.810
176.5
29.0
60.6
1414
1042
6.7

Table 8 overview of the performance of the different systems

Page 12 of 16

‘ Case 1 | Case 2 | Case 3
Energy / kW  Exergy/kW Energy/kW  Exergy/kW  Energy/kW  Exergy /kW

Fuel input | 830.72 841.85 | 830.72 841.85 | 830.72 841.85
Delivered power
Fuel cell 356.94 356.94 368.88 368.88 346.58 346.58
Generator 87.63 87.63 92.81 92.81 94.58 94.58
Gross power 444.57 444.57 461.68 461.68 441.16 441.16
Auxiliary power consumption
Aux power | 25.00 25.00 | 25.80 25.80 | 23.90 23.90
Delivered power
Net power 419.57 419.57 435.88 435.88 417.26 417.26
Total power 543.78 473.55 556.20 487.00 575.01 487.31
Efficiencies
Gross el. eff. / % | 53.52 52.81 55.58 54.84 53.11 52.40
Net el. eff. / % 50.51 49.84 5247 51.78 50.23 49.57

Table 9 the units included in the different system sections as indicated in Fig. 3

System section

Unit number in Fig. 1 or Fig. 2

Gasifier
Cleaning

Fuel cell (FC)
Gas turbine (GT)

2,3,4,5,6,7,8,9,10,71, 72,101, 202

11,12, 13, 14,73

15, 16, 17, 253, 254, 501, 551
18, 19, 20, 22, 23, 252

Wiley-VCH



Page 13 of 16

©CoO~NOUTA,WNPE

Manure

Pressure
release

Fuel Cells

H,S & HCI
Flash2 Removal

Sulphur and chlorine
compounds

Syngas

Water

(202)
o
21—t 201 )
Air (@
=

77x39mm (600 x 600 DPI)

Wiley-VCH

Fig. 1 flow sheet of super critical water gasification
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Fig. 4 heat-temperature diagrams for units 11, 14 & 73 for the different systems
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