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Different process configurations 4

chemical efficiency-equivalent although the power potential is

limited. If no separation at high pressure is applied and the entire

crude product is reheated, expanded and separated at grid

pressure, the product balance shifts towards an increased elec-

tricity generation to the expense of SNG. Both the product

expansion turbine and the bottoming cycle generate substantially

more power and integrate particularly well with a partial

oxidation turbine. For all options, a substantial amount of

energy is lost in form of the chemical potential of the substrate

accompanying the salt brine withdrawn from the separator. The

largest part of the energy loss is yet related to the heat evacuation

by cold utility. If industrial heat can be used locally, increasing

Fig. 7 Principal flowsheet options with energy balances and costs of Table 5 at default conditions of Table 3. Heat exchanger network, heat recovery

system and utility system are not shown. Values in parenthesis correspond to configurations with a partial oxidation (POX) gas turbine.
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INPUT:
10 MWdry BM
15 % solid 
content

! Depleted gas are not sufficient to close the energy balance; 
! Considering a 94%vol methane rich crude product, about 8 % of the total massflow has to be burned 

in order to satisfy the energy demand of the process ;

8

SNG 6.2 MW

ELEC 0.25 MWe

 15% solids content in feedstock – 94% CH4  in crude SNG  
 Sludge treatment 

New technology Hydrothermal gasification 5

Salts

Water

CO2

Martin Gassner, Frederic Vogel, Georges Heyen and Francois Marechal, Process design of SNG production by hydrothermal gasification of waste biomass: 
Process optimisation for selected substrates, Energy & Environmental Science (2010)
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Results for different wet biomass substrates 6
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Polygeneration of Synthetic Natural Gas (SNG), Power and Heat from Lignocellulosic 
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7Process optimisation
(2) Thermo-economic performance for different substrates

Optimal plant configurations
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Integrate or not ? 8

The First Law efficiency (Eq. (1)) is defined as the ratio between
the electrical power output and the transformation energy received
by the system as input. The electrical power output is the sum of
the net power production of all process sections. The trans-
formation energy received by the system, consisting in biomass and
in pure oxygen used as oxidant in the SOFC-GT hybrid cycle unit, is
calculated on the basis of the lower heating value of the dry
biomass [22] and considering an electricity consumption of
1080 kJ/kg for cryogenic oxygen production, as estimated by
Hamelinck et al. [23].

3¼

P

i
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"
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_M
þ
dry Biomass$Dh0idry Biomass þ

_M
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$ecryO2

i ¼ 1;.;n Process sections

(1)

The second-law performance is based on a theoretical exergy
efficiency definition that represents a coherent thermodynamic
indicator of the upper bound system performance. According to
the general definition and following the formalism proposed by
Favrat [24,25], the exergy efficiency is defined as the ratio
between the exergy rate delivered by the system and the exergy
rate received by the system. In our case (Eq. (2)), the exergy rate
delivered by the system consists in the electrical power output
and in the diffusion exergy of the separated carbon dioxide, which
is equivalent to the ideal work needed to separate the carbon
dioxide from the atmosphere if it was not separated by the
system. The exergy rate received by the system is reduced to
the transformation exergy received from the biomass [26] and the
diffusion exergy of the pure oxygen, which is equivalent to the
ideal work needed to separate the oxygen from the atmosphere.
Compared to the First Law efficiency (1), this exergy efficiency
definition provides a consistent indication that also includes the
additional value provided by the system of separating the carbon
dioxide.
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3. Process description

The integrated system is divided into four units: the hydro-
thermal gasification unit, the fuel processing unit, the SOFC-GT
hybrid cycle unit and the steam Rankine cycle unit. A conceptual
flowsheet of the system is presented in Fig. 1. The principles and
modeling of these units are described in the following paragraphs.

Default operating conditions, general assumptions and the decision
variables that have been identified for the optimization are detailed
in Table 1.

3.1. Hydrothermal gasification

3.1.1. Principles and issues
As discussed in detail in the process model development [8],

hydrothermal gasification of wet waste biomass in supercritical
water takes advantage of the thermophysical properties of the
aqueous environment at high pressure. Conventional gasification
typically decomposes the carbonaceous matter above 1073 K into
synthesis gas and requires a dry feedstock to limit the considerable
heat demand at high temperature [27]. Since waste biomass is
usually very wet, an energy-intense drying step would thus be
mandatory prior to gasification. At supercritical pressure, the
specific and latent heat of water is sharply decreasing [28] and
limits the energy requirement for its heat-up to the gasification
temperature. Wet feedstock can thus be processed directly without
a significant penalty on the conversion efficiency.

Depending on the temperature, two principal strategies for
supercritical water gasification can be distinguished [29]. If
hydrogen is targeted as the principal product [30], high gasification
temperatures of 773e1023 K are applied and low-grade, non-metal
catalysts like activated carbon or no catalysts at all are used. This
has the advantage that its deactivation is not an issue, and the
inorganics do not need to be removed prior to gasification. At the
lower bound, the temperature range is thereby limited by the
conversion kinetics, while mechanical stress limitations of the
construction materials prevent higher operating temperature and
pressure to be feasible.

If methane is targeted as the principal product [28,31], the
gasification is carried out at lower temperatures of 623e873 K and
catalyzed by noble metal (typically nickel- or ruthenium-based)
catalysts. The lower gasification temperature has the advantage to
decrease the enthalpy of reaction and the heat requirement of the
process, but also requires to prevent an excessive degradation of the
high-grade catalyst by a prior removal of the dissolved catalysts
poisons such as sulfur. Since the solubility of the inorganic
compounds that are present in the feedstock decreases drastically
when reaching supercritical conditions, they precipitate as a salt
brine that needs to be removed and fromwhich the nutrients might
be recovered. As investigated by Peterson et al. [32] and Schubert
et al. [33,34], this may be done in a heated separator device that acts
similar to a cyclone. In addition, the use of guards or catalyst recy-
cling may be economically advantageous to allow for low temper-
atures and thus decrease the heat demand for the separation [9].

In addition to these technological issues, the successful devel-
opment of an efficient process design strongly depends on the
process integration and, in particular, the heat supply and
power recovery from the hot gasification product at supercritical
pressure [8,9].

3.1.2. Modeling
Based on the experimental results of the process development

conducted by Vogel and coworkers [28,32e35], we have developed
a detailed process model including several configurations for the
polygeneration of SNG, power and heat fromwet waste biomass by
catalytic hydrothermal gasification, in which the inorganic
compounds are precipitated and removed in a salt separator prior
to gasification (Fig. 2) [8].

In this model, the biomass decomposition during hydrolysis
between 473 and 623 K is phenomenologically represented
considering the breakdown of the macromolecules (cellulose,
hemicellulose and lignin) into the principal substances (methanol,Fig. 1. Conceptual flowsheet of the system.
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below the pinch that is provoked by the salt separator. If this
constraint is released, only marginally better results are obtained
with the increased power output from the GT expansion in the
fuel processing.

The capability of the system to adapt to different process
requirements has been experienced also in additional analyses that
have been performed for gasification temperatures between 673 K
and 973 K.

5. Conclusions

This paper presents a systematic process integration and opti-
mization of a SOFC-GT hybrid cycle fueled with hydrothermally
gasified waste biomass. For this purpose, a general process
superstructure based on detailed process models has been devel-
oped. Special attention has thereby been paid to completely
recover the thermal and physical exergy potential from the process
streams. The crucial role of fuel processing (i.e. the expansion,
separation and reforming of the crude gasification product) has
been highlighted by analyzing different flowsheet options for flash
separation both at high and low pressure. All these design alter-
natives have been compared through a thermodynamic optimi-
zation approach with respect to First Law and exergy performance
indicators.

The analysis has demonstrated that the systemmay convert wet
waste biomass to electricity at a First Law efficiency of up to 63%. At
the same time, the biogenic carbon dioxide is separated and thus
allows for negative net emissions of carbon dioxide if it would be
sequestrated. Despite more conservative assumptions that lead to
lower conversion efficiencies in the gasification and fuel cell
subsystems, 1 the overall electric efficiency thus is improved by
roughly 10% with respect to the only comparable flowsheeting
approach available in the scientific literature [17]. This result
highlights the potential of a systematic process design approach
that combines the development of a general process superstructure
with methods for systematical energy recovery, process integration
and optimization.

The optimal design solution consists in maximizing the flow
rate of fuel that is converted in the SOFC and in adjusting the other
process subsystems in order to supply the process heat require-
ments andminimize the exergy losses. The analysis has shown that
flowsheets based on liquidevapor separation at gasification pres-
sure are more efficient than reheating and expanding the entire
crude product to the pressure of the fuel cell since not enough
excess heat is available in the system. Furthermore, upgrading the

fuel quality by separating the carbon dioxide before reforming
slightly increases the performance of the SOFC itself, but is not
worthwhile from an overall system perspective.

The relation between system efficiency and its complexity has
also been investigated by limiting the number of subsystems that
are considered for recovering the available exergy. It has been
shown that although the system efficiency always increases with
the number of available conversion technologies, these alternatives
are both complementary and competing in different temperature
ranges. The maximum efficiency, which is 13.5% higher than for the
simplest case, is thereby only achievable when all options are
considered.

A sensitivityanalysiswith respect to the gasification temperature
has shown that the conversion efficiency remains constant for
gasificationbetween673and973 Ksince it is limitedby theavailable
heat. For this reason, the system is flexible to adapt to design
constraints imposed by issues such as catalyst deactivation by
sulfurous compounds or limited material strength at high
temperature.

Compared to a non-integrated, decentralized system in which
waste biomass is hydrothermally gasified, purified and injected as
SNG into the gas grid [8,9] that is afterward locally converted to
electricity in an SOFC-GT hybrid cycle [7], this work demonstrates
that process integration allows for a considerable increase of the
overall conversion system performance. As shown in Fig. 13, the
non-integrated combination allows for an overall electric effi-
ciency of only 59.1%, which is 3.9%-points lower than the one of
the optimally integrated system that has been proposed in this
work.
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•Wet biomass to Gas in the grid 
– up to 70% efficiency 
– depends on the substrate 

•Water is purified 

• Salts (fertilisers) are recovered 

• CO2 can be separated 

• Synergies for Electricity production with 
fuel cell

Hydrothermal gasification 9


