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Abstract

A new concept is proposed for combined fermentation (two-stage high-load fermenter)
and gasification (two-stage fluidised bed gasifier with CO, separation) of sewage sludge
and wood, and the subsequent utilisation of the biogenic gases in a hybrid power plant,
consisting of a solid oxide fuel cell and a gas turbine. The development and
optimisation of the important processes of the new concept (fermentation, gasification,
utilisation) are reported in detail. For the gas production, process parameters were
experimentally and numerically investigated to achieve high conversion rates of
biomass. For the product gas utilisation, important combustion properties (laminar
flame speed, ignition delay time) were analysed numerically to evaluate machinery
operation (reliability, emissions). Furthermore, the coupling of the processes was
numerically analysed and optimised by means of integration of heat and mass flows.
The high, simulated electrical efficiency of 42% including the conversion of raw

biomass is promising for future power generation by biomass.
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1. Introduction

Presently, primary energy worldwide is mainly supplied by fossil fuels. Facing
increasing energy demands and decreasing fossil fuel supplies, researchers need to
target new sustainable concepts of energy conversion considering both resources and
machinery. To fulfil future energy needs, the utilisation of biomass is an important

element of prospective power generation.

Biomass as a renewable energy source has the potential to contribute to a major fraction
of power generation without deforestation or competing with food production (Smeets
et al., 2007), e.g. by the utilisation of by-products and residues of agriculture, forestry or
food industry. In their worst case scenario, Smeets et al. (2007) predict a global biomass
production above 40% of the global energy demands in 2050 (excluding transport and
conversion losses). In areas with intense energy demands and/or high population
densities like the US, EU or Japan they predict a lower corresponding biomass
production, ranging from 10% to 20%. In addition, compared to other renewable
energies like wind and solar power, biomass can be stored for a continuous energy
production, which can easily be adapted to flexible power demands. Therefore, biomass
is an important element in global future power generation scenarios independent of the

varying regional amount and availability of biomass.

However, one drawback of biomass is that it appears locally in small quantities and due

to the low energy density, transportation is economically not feasible. Hence, small
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scale power generation units for biomass conversion are needed and required to run at
high electrical efficiencies, to keep up with future primary energy demands. A key
technology to achieve high electrical efficiencies is the solid oxide fuel cell (SOFC)

(Santarelli et al., 2012; Tippawan and Arpornwichanop, 2014).

To develop such highly efficient units, the German Aerospace Center (DLR) and the
University of Stuttgart propose a new concept of upgrading biomass to biogenic gas. It
Is based on fermentation and gasification as well as the subsequent utilisation in a

hybrid power plant, consisting of an SOFC and a gas turbine (GT) (Fig. 1).

According to this new concept, wet biomass is fermented in a two-stage high load
fermenter to biogas. Biogas production takes place in methanogenic mixed cultures
where organic material is converted into methane in several reaction steps:
Macromolecules like carbohydrates, fats and proteins are initially hydrolysed before
being converted into organic acids and alcohols. These intermediates are transformed to
acetic acid and ultimately to methane and CO, in further reaction steps. The residues of
the fermentation still contain unconverted thermochemical energy. Hence, the residues
are dried and gasified together with additional wood in a fluidised bed gasifier to
syngas. Small scale thermochemical biomass gasification is a suitable process to make
use of this energy (Peng et al., 2012; Yan et al., 2010). Typical thermal fuel input for
small scale fluidised bed gasification plants is around 10 MW (Hofbauer et al., 2003). A
two stage gasification process was developed in order to achieve high conversion rates
of these residues into a product gas with low tar concentration and high hydrogen
product gas concentration up 80 vol.-%gp. In this process allothermal steam gasification
is coupled with a water-gas shift reactor. In the water-gas shift reactor, the so called
reformer, calcium oxide (CaO) is used for CO, capture in order to enhance the H,

concentration and reduce the CO and CO, concentration.
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Before mixing and utilisation, the biogas and syngas must be cleaned (Aravind and de
Jong, 2012; Woolcock and Brown, 2013). The requirements on the gas cleaning are
more stringent for the SOFC than for the GT. The biogas requires only desulphurisation
that can be accomplished by activated carbon. The syngas requires removal of tar (Li

and Suzuki, 2009), particles, sulphur, metals and halogens.

In the hybrid power plant an SOFC and a GT are coupled to utilise the product gases. In
this configuration, the SOFC runs at elevated pressures (approximately 3 bar),
increasing the electrical efficiency of the fuel cell (Henke et al., 2011). Since the SOFC
cannot convert the entire fuel, the off-gas, still containing H, and CO, is burned in the
GT. Even for small scale power generation electrical efficiencies above 50% are
achieved by hybrid power plants, which are significantly higher compared to other
conventional small scale power plants (Hohloch et al., 2008). The electrical efficiency
of conventional small scale biomass plants (e.g. gasifier with gas engine) is around 30%
including the conversion of raw biomass (Dornburg and Faaij, 2001). Gas turbines of all
performance rates, from a few kW up to hundreds of MW, are economically in service.
So far, SOFC have been accomplished in laboratory and pilot plant scale, but have not
reached marketability. Whereas today SOFC plant sizes of approximately 100 kW are
realised, SOFC plants have the potential to operate at several megawatts (Hohloch et al.,

2008).

In the present work, the development, integration and optimisation of the important
processes of the new concept (fermentation, gasification and the utilisation in a hybrid
power plant, Fig. 1) are reported in detail. For the gas production process (fermentation
and gasification) parameters were investigated by simulations and experiments to
achieve high conversion rates of the biogenic material to biogas and syngas. For the

utilisation of the product gas (biogas and syngas), important combustion properties
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(laminar flame speed, ignition delay time) were analysed numerically by validated
chemical kinetic reaction mechanisms to assure a reliable operation with low emission

levels for future application.

Furthermore, the processes (fermentation, gasification, utilisation) were profoundly
analysed and optimised according to the integration of heat and mass flows and
corresponding overall efficiencies were simulated. The synergies between the processes
identified by the detailed research are a promising approach for future small scale

biomass power application with high electrical efficiencies.

2. Materials and Methods

Each process within this project (fermentation, gasification, utilisation) was analysed,
improved and adapted for the specific coupling considered within the new concept.
According to each process, the focus of the analysis was set on different aspects: For the
(i) fermentation, on finding the right substrate, which could be converted at high rates
and could provide enough residues for the subsequent gasification process; (ii)
gasification, on the validation of the process and on achieving a high H, content in the
product gas for the utilisation; (iii) utilisation, on the combustion properties of the

product gases and their consequences on machinery operation and emissions.

2.1. Fermentation

2.1.1. Selection of Substrates

Suitable biomasses are organic wastes which are characterised by fluidity and
bioavailability. In addition, the availableness and disposability of biomass are important
factors for the selection of a feedstock appropriate for large scale fermentation plants
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with several megawatts of power. Choosing the right feedstock decreases transport costs
and hence raises the economic viability of the process. Therefore, the regional amount
and availability of corn silage, fruit deposit from whole sale market and sewage sludge

in Germany were verified and evaluated as follows.

Corn silage is produced most in Germany, compared to the other evaluated substrates.
However, residues of corn silage are currently used for agriculture in Germany. For that
reason they are presently not available for further treatment with gasification.
Nevertheless, the availability of corn silage residues for gasification could change due
to altering regulatory framework, considering over-fertilisation. In that case, gasification
of corn silage residues is a promising alternative. Also, the available amount of corn
silage residues can be different in other countries. Thus the application of corn silage
could be possible in Germany in the future or in other countries in the present. For that

reason, fermentation characteristics of corn silage were analysed.

The composition of fruit and vegetable waste from the wholesale market varies
substantially over the year. Seasonal variation of the substrate composition makes an
effective substrate management and an intelligent process control indispensable. In
Germany, a total of 770,000 t of fruit and vegetable waste was generated in 2009. There
are 10 single collection points with a fruit and vegetable waste accumulation of 25,000
to 83,000 t/a, which is enough for the operation of a large scale fermentation plant.
However, the fruit and vegetable waste degradation level is larger than 90%, resulting in
insufficient amounts of digestion residues for gasification supply. Hence, no further

fermentation experiments were carried out with fruit and vegetable waste as substrate.



1.9x10° t dry mass of sewage sludge from municipal waste water plants accumulated in
Germany in 2011 (Federal Ministry for the Environment, Nature Conservation and
Nuclear Safety, 2013). 53% were combusted, 30% were brought into agriculture. The
residues of sludge digestion contain 45-50% of the organic material of the raw sewage
sludge according to about 50% of the total thermochemical energy of the untreated
sewage sludge. Due to the fermentability of 50%, with respect to the energy content of

sewage sludge, there are enough digestion residues available for gasification.

For the reasons mentioned above, in the present work sewage sludge was chosen as
feedstock for the large scale fermentation plant. Sewage sludge is the only feedstock,
which can be accumulated in adequate amounts on site. Hence, these residues were used

for the investigation of the overall process.
2.1.2. Experimental Setup

The process technology has to be conformed to each type of biomass. Degradation
level, biogas composition and yield are dependent on the specific biomass. The purpose
of this investigation was to enhance the biogas process with regard to high biogas yield

corresponding to high degradation levels.

For fermentation corn silage and sewage sludge were chosen. The experiments with
corn silage as substrate were performed in reactors with 1 | working volume (batch).
Sewage sludge was fermented in a two stage process (two reactors with 30 | working
volume). The reactors were operated at constant temperature (37 °C) and continuous
blending. The pretreatment methods grinding and addition of trace elements were
investigated for corn silage. Within the scope of the continuous experiments the
fermentation characteristics of sewage sludge obtained from different wastewater plants

were determined at various time periods. Also, fermentation parameters such as the



hydraulic retention time (the ratio of the reactor volume to the volumetric flow infeed)
were adjusted corresponding to the changing sewage sludge composition to achieve

high degradation rates and biogas yields.

The substrates and the samples taken from the bioreactors were analysed in double
determinations. For the substrates a range of the content of total solids (TS) and total
volatile solids (TVS) are shown in Table 1. Furthermore, the effects of the organic
concentration in the influent and the pretreatment of the waste were investigated, to

increase the degradation level and biogas production.

2.2. Gasification

The principle of the gasification process is presented in Fig. 2. It consists of three
reactors which include a gasifier and a reformer connected in series with regard to the
gas flow and a regenerator (calciner). In the gasifier, the biomass is gasified under steam
atmosphere in the temperature range from 800 to 850 °C. Within this temperature range
high biomass conversion and low tar concentration can be expected. The necessary heat
for the endothermic gasification reactions is provided by the circulating CaO flow
transferred to the gasifier from the regenerator, operating at a temperature above

900 °C. Subsequently, the gasifier product gas is fed into a reformer. The reformer is
operating at a temperature range from 600 °C to 700 °C. In this reactor, in situ
adsorption of carbon dioxide takes place by the CaO sorbent through the carbonation
reaction. Due to CO; adsorption, the equilibrium of the water-gas shift reaction is
shifted towards hydrogen. As a result of the improved fuel conversion in the gasifier
due to the higher gasification temperature and the CO, capture taking place in the
reformer, the H, content is increased to over 80 vol.-%y, combined with high gas yield.
Sufficient sorbent activity and reactor temperature levels are maintained in the reformer

due to the Ca flow circulating in the regenerator-reformer loop. The regenerator heat
9



requirements are covered through char originating from the gasifier and the combustion

of directly fed biomass.

The investigation of the gasification process was divided into two steps: First, a
simulation for the new biomass gasification process was developed using ASPEN
Plus™ simulator. Aspen Plus™ process simulation software is widely used for biomass
gasification modelling (de Jong et al., 2003; de Kam et al., 2009; Doherty et al., 2009;
Sadhukhan et al., 2010; Tijmensen et al., 2002). This simulation software allows to
perform total mass and energy balance calculations of the process. Thus, gas
composition and gas yield were identified and a material and energy balance calculation
was performed. With the help of this simulation the heat produced in the gasification
process was determined for the integration into the overall process. The model of the
gasification process was based on minimisation of Gibbs energy and some chemical
reactions were restricted. The total thermal input of biomass (represented by wood
pellets) was 17.4 MW. The input of the steam (590 °C) was 2.05 MW, the one of air
(850 °C) was 2.65 MW. The temperatures in the gasifier, reformer and regenerator were
set to 850 °C, 650 °C and 925 °C. The steam to carbon ratio (S/C) equalled 2

mO|H20/mO|C.

In the second step, the experimental investigation of the new gasification process was
performed. Within these experiments, gas yield and gas composition, tar and water
content in the product gas as well as tar composition at the outlet of the gasifier and the

reformer were determined.
2.3. Gas Utilisation

For the combustion of the process gases (biogas, syngas and SOFC off-gas),

combustion chambers need to be adapted or newly designed to assure a fuel flexible,
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reliable and secure operation with low emission levels. Therefore, in a first step, major
combustion properties (ignition delay time and laminar flame speed) of the SOFC off-
gas were studied numerically and compared to the ones of a typical natural gas

(92 mol% CHy, 8 mol% C,Hgs), the fuel that is used mostly in conventional gas power
plants. This strategy allows checking the performance of current available detailed
chemical kinetic models. Furthermore, the results may serve as a foundation for first
combustion chamber designs, which provide a basis for more detailed designs derived
with e.g. computational fluid dynamics (CFD) simulations, including the use of

validated and efficient chemical kinetic models.

The calculations were performed at 3 bar, which is within the typical range of
combustion pressures of a micro gas turbine. For the calculations, the detailed reaction
models GRI 3.0 (Smith et al., 1999) and Petrova-Williams (Petrova and Williams,
2006), and in-house model called DLR-RG (Braun-Unkhoff et al., 2009) were used.
Details of the mechanisms used for the calculations are given in Table 2.The
mechanisms are developed, optimised and validated for the combustion of natural gas
and/or syngas (Smith et al., 1999; Petrova and Williams, 2006; Braun-Unkhoff et al.,

2009, 2012).

3. Results and Discussion

The processes (fermentation, gasification, utilisation) were investigated. The results of
the processes were used for the heat and mass flow design and integration for the

simulation of the overall process in 3.4.
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3.1. Fermentation

Experiments with corn silage were carried out in 1 | laboratory biogas reactors in batch
fermentation. Different pretreatment methods of corn silage (grinding and
delignification) as well as the addition of trace elements to the methanogenic mixed

culture enhanced the biogas production compared to unground corn silage.

It is shown that grinding of corn silage led to an increase of specific biogas production
to approximately 650 Istp/kgrvs compared to 350 Istp/kgrvs for unground corn. Due to
delignification an accelerated increase of the specific biogas production was achieved,
whereas the final specific biogas production was not affected significantly. The
maximum of 1070 Istp/kgrys is attained by grinding of corn silage and addition of trace
elements to the methanogenic mixed culture. In Fig. 3 the results for specific biogas

production are shown for corn silage.

Sewage sludge from different wastewater plants obtained at various time periods were
fermented in a two-stage high load fermenter to biogas. For the fermentation process a
short hydraulic retention time of 11 days for the two stage plant with a high TVS

degradation level of up to 50-55% was achieved. In the fermenter 80% of degradation

took place in stage 1. Biogas yield of 600 Istp/kgrys Was achieved.

With increasing organic concentration in the reactor influent an increasing degradation
rate was achieved for both stages. However, degradation level and degradation rate in
stage 2 was below the corresponding values of stage 1 due to lower TVS concentration
in the input of stage 2. On the other hand, the degradation rate also increases with
increasing degradation level (Fig. 4). Simultaneously, the gas rate increased up to

4.5 |STP/(| reactord)-
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In Table 1, fermentation characteristics of suitable feedstock for small scale power

generation applications are summarised.

3.2. Gasification

The simulation results of the process are shown in Table 3. High hydrogen
concentration of 85.1 vol.-%g, and low CO; concentration of 2.3 vol.-%q, were
calculated. The lower heating value of the product gas was 14 MJ/m3stp and the
hydrogen yield 1.07 m3stp/Kgsuer dar. The thermal output of synthesis gas is 9.75 MW.
Due to the hot synthesis gas coming from the gasifier, the hot CaO flow and the
exothermic CO, adsorption, a heat release of 3.6 MW in the reformer was calculated.
The flue gas of the regenerator was cooled down to 150 °C in order to avoid acid
dewing. The product gas was kept at a temperature level of 650 °C for the hot gas

cleaning.

The experimental results presented in this paper were obtained from an 8 kWi, lab scale
facility consisting of two in series-connected bubbling fluidised bed reactors: a gasifier
and a reformer. The facility is described in details elsewhere (Pobol} et al., 2011). Since
the small scale of the laboratory biogas reactor, no sufficient amount of sewage sludge
residues was available. Therefore gasification experiments were performed with wood
pellets. The raw wood pellets were characterised. They contained 46.6 wt.-% of carbon,
6.2 wt.-% of hydrogen and 41.1 wt.-% of oxygen. The ash content is 0.7 wt.-%, the
water content is 5.4 wt.-% and the lower heating value is 16.9 MJ/kg. Table 3 shows the

results of the batch experiments with wood pellets.

Gasification conditions were chosen similar to those in the simulation. The H,
concentration of 80 vol.-%g, and the H; yield of 1.24 m3/Kgsuer gar IS reached at S/C = 2.1

mol20/molc and a reformer temperature of 646 °C. Tar samples are taken following the
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Tar Guideline CEN/BT/TF 143 (2004) provided by the European Committee for
Standardization. According to this guideline, the gas chromatography/mass
spectrometry (GC/MS) tar concentration at the exit of the reformer is 4.7 g/m3stp and

gravimetric tar concentration is 2.8 g/m3ste.

The results predicted by the simulation are in good agreement with experimental results.
There are only small deviation comparing the results of ASPEN Plus™ simulation and
the results from experimental investigation: The hydrogen concentration is a little
overestimated and CO and CO; concentration are little underestimated. This can be
explained by non-equilibrium condition during the batch experiments which restricts

CO; adsorption and hydrogen production via water-gas shift reaction.
3.3. Gas Utilisation

The simulations of the combustion properties were conducted for the SOFC off-gas,

consisting of 22.5 mol% H, 4.4 mol% CO, 12.8 mol% CO,, and 60.3 mol% H,O.
Results are shown in Fig. 5a (ignition delay time) and Fig. 5b (laminar flame speed).

The calculated ignition delay times of the H, rich SOFC off-gas are lower compared to
the corresponding ignition delay times of the natural gas (see Fig. 5a). The lower
ignition delay times are caused by the higher reactivity of the H, molecules compared to

CH, (methane, natural gas).

In principle, shorter ignition delay times are beneficial for lower emission levels of
unburned fuel because in the combustion chamber locally quenched gas has a higher
probability to reignite for a complete combustion of the fuel, before leaving the reaction

zone. However, the chance of a flashback is also increased which can lead to severe
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damage of turbo machinery. For this reason, shorter ignition delay times are

unfavourable for premixed combustion systems.

The predicted laminar flame speeds of the hot SOFC off-gas (Fig. 5b) are much higher
than the flame speeds of natural gas (92 mol% CHy,, 8 mol% C,Hs) at conventional
micro GT conditions (Fig. 5¢). Due to the reactiveness (especially at high temperatures)
and the low molecular mass of hydrogen (H), high contents of hydrogen result in high
laminar flame speeds. On the other hand, high water (H,O) contents decrease laminar
flame speeds, as water acts as a quencher in radical recombination reactions, thus
leading to a reduced radical pool slowing down the overall reaction. Please note that it
was therefore not possible to simulate laminar flames with the SOFC off-gas at

To = 406 K.

All reaction models used are optimised for the combustion of natural gas and/or syngas.
Simulating combustion properties of a different fuel (in this case SOFC off-gas with
high water content), can lead to errors predicting the combustion properties (see e.g.
Braun-Unkhoff et al., 2012). To determine which model predicts the laminar flame

speeds most accurate, sophisticated validation experiments are needed.

Turbulent flame speeds of practical flames of practical combustion processes correlate
with laminar flame speeds (Griebel et al., 2007); thus, laminar flame speeds are an
important indicator for the actual turbulent flames speeds found in practical
applications. For higher flame speeds, the residence time of gases in the hot reaction
zone is shorter, since the size of the reaction zone does not change or gets even smaller
(Kuo and Acharya, 2012). Shorter residence times may offer some advantages, as for
example this may lead to a reduction in NOx formation. However, higher flame speeds

increase the risk of a flashback in premixed combustion systems.
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As seen in Fig. 5b, for a reduction of the flame speeds in technical combustion systems
the SOFC off-gas should be burned very lean or mixed with cold oxidiser to reduce the

inlet temperature of the combustion chamber.

In general, the ignition delay times and laminar flames speeds of natural gas predicted
by the different models are in good agreement with each other. For the SOFC off-gas,
there are significant deviations between the predictions of the different models (see
Figs. 5a-c). The deviations in predicted ignition delay times and laminar flame speeds
reveal the need for optimisation and experimental validation of the reaction models —
which is part of the on-going work — in order to allow for more precise calculations and
predictions of combustion properties and more sophisticated CFD simulations for a

detailed combustion chamber design.

3.4. Overall Process

Conversion of renewable energy like biomass and sewage sludge into electrical energy
with a high efficiency requires the use of multiple conversion steps with a high level of

integration of heat and mass flows.

With the results and expertise gained from the investigations 3.1. to 3.3., the processes
were linked by means of heat and mass flows (Fig. 6). In the overall process sewage
sludge with an energy flow of 10 MW (large municipal sewage plant) is fermented and
the residues are dried and fed into a biomass gasifier together with wood. The biogas
from the fermentation and the syngas from the gasifier are cleaned, compressed,

combined, and fed into a hybrid power plant consisting of an SOFC and a GT.

Using a two-stage fermentation process, approximately 50% of the energy of the
sewage sludge is converted into biogas as stated in chapter 3.1. The fermentation waste,

which contains 95% water, is first mechanically dehydrated to waste with 70% water
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content and then dried to 25% water content using waste heat from the process. This
dried waste is fed to a two-stage fluidised bed gasifier together with wood and steam. In
Fig. 6 the three reactors of the gasification process (compare Fig. 2) are illustrated as
one process with input of wood (for the gasifier as well as for the regenerator) and
sewage sludge (for the gasifier). Since the hybrid power plant section contains a gas
turbine, the gases need to be compressed, which also increases the efficiency of the
SOFC (Henke et al., 2011). For methane reformation and to prevent carbon formation in
the SOFC, steam is required in the fuel gas. In the proposed process, the syngas from
the gasifier is compressed at a temperature where the steam in the gas is not condensed.
The advantage is that neither a condenser nor a steam generator is required, although at
the cost of the need of doubling the power for compression (compare Pcompr,gc,b IN
Fig.6). The fuel is then fed to the fuel cell, as well as preheated compressed air. The
operating conditions for the fuel cell were set to 700 °C as inlet temperature and 800 °C
as outlet temperature. The low temperature gradient reduces thermal stresses within the
SOFC, to avoid damages. The fuel utilisation was chosen in such a way that the
temperature after subsequent burning of the depleted fuel and air was less than 1000 °C
and that the temperature after the gas turbine was sufficient to preheat the air for the

SOFC.

The simulations in Aspen Plus were based on the following assumptions:
- Gas composition of biogas: 60 mol% CH,, 40 mol% CO,
- Drying of fermentation wastes from 70% to 25% water content with
0.85 kWh/kg water
- Cold gas efficiency of the two-stage gasification process: 56%
- Air preheating and steam generation for the gasifier was covered by the gasifier

flue gas.
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- Dry gas composition of gasification gas as shown in Table 3 (Simulation);
50 mol% H,0; 440 ppmv CyoHg (representing tar)

- Tar steam reforming was performed at 900 °C

- The SOFC fuel utilisation is 63% at a mean cell voltage of 0.75 V

- Isentropic efficiency of gas turbine: 85% and compressor: 78%

- The pressure at the gas turbine was 3 bar

- Heat losses (in heat exchangers, gas cleaning, SOFC, turbine etc.) were

neglected

As required at low temperature, heat demand for drying fermentation wastes (compare
Q1 at Fig. 6) can be covered by waste heat from the off-gas of the gas turbine (Q-). Yet
extra heat for the tar reformer is required. With the assumptions mentioned, the
electrical efficiency for the integrated and combined process was calculated as

followed:

Mol = Psorc*+PTurb—Pcompr,BGa—Pcompr,BGb __ (6.17+4.24—0.04—0.39)MW
l _— =
¢ Qsewagesludge +@Wood +Q3 (10+12.4+1.27)MW

= 42.2% 1)

Due to the internal heat required for the drying of the sewage sludge, the heat available
for external applications like district heating is reduced. Using the heat above 80 °C for
district heating or other low temperature heating applications, the heat efficiency can be

calculated by:

Q2—Q1+Q4+0s _ (5.34—3.38+3.1+0.39) MW
QsewageSludget@wood+U3 (10+12.4+1.27)MW

Nheat = = 23.0% (2)

The maximum total efficiency increases to 65.2%.
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The sewage sludge energy input flow of 10 MW represents a large sewage plant for a
population of about 500,000. The corresponding gasifier of 17.4 MW is a relatively
small gasifier. The 6.1 MW SOFC is much larger than the largest SOFC plants
demonstrated so far, which are in the 100 kW range. For the SOFC plant, multiple
stacks with a power level in the 10 kW range is foreseen. A 4.2 MW gas turbine is state

of the art.

4. Conclusions

In the present work, an innovative process chain was identified for an efficient
decentralised power generation: The coupling of large scale sewage sludge fermentation
with small scale gasification with CO, separation and the subsequent utilisation of the
biogenic gases in a hybrid power plant. The analysis and integration of the heat and
mass flows of the process chain resulted in a simulated electrical efficiency of 42%,
considerably higher compared to conventional applications. The analysis of the
utilisation process illustrates the need of fuel flexible combustion chambers, due to the

variety of fuel compositions being burned at different operating points.
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Figure Captions

Fig. 1. Scheme of the biomass conversion and power generation process.

Fig. 2. Structure and process scheme of the biomass gasification with CO; separation.

Fig. 3. Course of biogas production for different pretreatments and supplementation of
corn silage in batch fermentation.

Fig. 4. Total volatile solids degradation rate (grvs/lworking voume ~dY) as a function of total
volatile solids degradation level (%rvs.input OF Stage 1 resp. stage 2) of sewage sludge in

a two stage plant.

Fig. 5. Predicted (a) ignition delay times of natural gas and the SOFC off-gas in air, and
predicted laminar flame speeds of (b) the SOFC off-gas and (c) natural gas in air.
Fig. 6. Scheme of the overall process and energy flows for the conversion of sewage

sludge and wood.
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Fig. 1. Scheme of the biomass conversion and power generation process.
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Fig. 2. Structure and process scheme of the biomass gasification with CO, separation.
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Table 1

Fermentation characteristics and various parameters of corn silage and sewage sludge.

Corn  Sewage

Parameter silage  sludge
TS-content 26.9- 28-7.0
[%0] 12.9
TVS-content 25.8- 2.0-5.1
[%0] 12.1
CHy-content 55 60
[vol.-%]

CO,-content 45 40
[vol.-%)]

Biogas yield 1070 600
[Iste/kgrvs]

Hydraulic Batch 11
retention time

[d]

Amount Germany 71 1.9
[10° t/a]

Thermal capacity 1.3 1.0
[GW]

Fermentability® 70 50
[%]

STP: Standard temperature and pressure; TS: Total solids; TVS: Total volatile solids
®Referred to energy content
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Table 2

Details on the reaction models used for the calculations.

Reference Name #Species  #Reactions
Smith et al., 1999 GRI 3.0 53 325
Petrova and Williams, 2006 PW 44 235
Braun-Unkhoff et al., 2009 DLR-RG 65 359

31



Table 3

Simulation and experimental results of the gasification process.

Parameter Simulation Experiment
H, [vol.-%qp] 85.1 80.4
CO [vol.-%qp] 2.0 4.7
CO, [vol.-%qp] 2.3 6.2
CHy [vol.-%gp] 8.3 6.8
CxHy [vol.-%qp] 2.3 1.8
Gas yield Y 1.26 1.54
[M3s7p/KQsuel, daf]

Synthesis gas 9.75 -
output [MW]

Heat reformer 3.55 -
[MW]

Heat flue gas 4.55 -
regenerator

[MW]

STP: Standard temperature and pressure; db: Dry basis; daf: Dry ash free
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