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 30 

Abstract 31 

 32 

Sewage sludge can be disposed of by fermentation, incineration or gasification. 33 

Conversion of the resulting biogas, combustion heat or gasification gas into 34 

electricity is often employed. Since sewage sludge cannot be fermented completely 35 

and due to the significant heat requirements for drying it in the incineration plant or 36 

before the gasifier, the electrical output in all cases is very low. Consequently, this 37 

work seeks to investigate a combination of fermentation and gasification in which 38 

dried fermentation waste is converted in a gasifier. With the aim of combining these 39 

two biomass conversion processes with power generation in an efficient manner, a 40 

hybrid system consisting of a SOFC and a gas turbine is investigated. This 41 
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combination of a biogas plant and a gasifier has the advantage that waste heat can 42 

be used as a heat source in drying the fermentation waste. Another advantage is the 43 

combined conversion of biogas and gasification gas in the SOFC. As steam from 44 

gasification gas is used for internal reforming of methane out of biogas at the anode 45 

of the SOFC, the complexity of the plant is reduced and the efficiency is increased. A 46 

configuration including a pressurized gasification process was identified as most 47 

efficient in terms of electrical output. 48 

 49 
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 52 

 53 

1. Introduction  54 

 55 

The disposal of sewage sludge is difficult due to the pollutants it contains. As there 56 

are high quality requirements for its deployment as fertilizer in agriculture, its use has 57 

stagnated at 30 % in Germany in the years 2006 to 2010. Most sewage sludge 58 

(50 %) is disposed of by incineration [1] (after a fermentation step). The first step in 59 

sewage sludge conversion is always fermentation. Mechanical dewatering of 60 

fermented sewage sludge reduces the water content to approximately 70 %. The 61 

biogas formed during fermentation is flared or converted in a combined heat and 62 

power plant, whereafter the fermented and mechanically dewatered sewage sludge 63 

can be disposed of in a waste incineration plant [2]. Only little or no heat is supplied 64 
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by the combustion process and additional fossil fuel is required due to the high heat 65 

demand of evaporating the humidity in the sludge. Another option is to co-fire the 66 

fermented and dewatered sewage sludge in a coal-fired power plant [3, 4]. An 67 

advantage of this concept is that the sludge can be dried by the waste heat of the 68 

power plant and thus the dried sludge can replace part of the coal. A disadvantage is 69 

the energy expenditure for the transportation of un-dried sludge.  70 

 71 

 72 

Figure 1: Innovative process concept of combined fermentation and 73 

gasification of sewage sludge and wood 74 

 75 

This work proposes an innovative concept of combined fermentation and gasification 76 

of sewage sludge and wood as seen in Figure 1 [5]. With a two-stage, high-77 

performance digestion [6-8], an energy conversion of 50 % of the sewage sludge into 78 

biogas is attainable. Fermentation waste (fermented sewage sludge) is dried and 79 

subsequently converted in a gasifier into a gas with high hydrogen content [9, 10]. 80 

Since gasifiers are built for higher energy flows, wood residue has to be added to the 81 

sewage sludge in the gasifier. Both the biogas from the fermentation and the 82 

gasification gas are converted in a SOFC (solid oxide fuel cell), which has a high 83 

electrical efficiency potential [11, 12]. Fermentation and gasification are combined, as 84 
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waste heat from the gasification process can be used to dry the fermentation waste. 85 

The absorption-enhanced reforming (AER-) process is based on a fluidized bed 86 

gasification where CO2 is absorbed at the bed material CaO [13-18]. Thus, high H2 87 

concentrations of about 75 vol% (based on dry gas) and small CO2 and CO 88 

concentrations are achieved. The reforming process consists of two reactors. In one 89 

reactor, the endothermic gasification of biomass (dried sewage sludge and wood) 90 

with steam takes place, while in the other reactor, the bed material is heated by 91 

burning the coke, which is not converted in the gasification reactor. Thus the loaded 92 

bed material CaCO3 is regenerated to CaO and the formed CO2 leaves the reactor 93 

with the flue gas. Converting the gases in a SOFC, an electrical efficiency of 94 

approximately 45 % (from gas to electrical energy) can be achieved at a fuel 95 

utilization rate of 80 %. A hybrid system consisting of a SOFC and a gas turbine 96 

raises the electrical efficiency to approximately 70 % [19-26]. An important difference 97 

in comparison with conventional fuel natural gas is that there is less of a cooling 98 

effect from the internal reforming of methane at the SOFC anode, and therefore more 99 

air is required for cooling the SOFC. 100 

 101 

Several experimental investigations combining two of the above mentioned 102 

components can be found in literature: gasification of fermentation waste [27], power 103 

generation in SOFC from biogas [28] and gasification gas [29, 30] as well as power 104 

generation in a hybrid system of SOFC and gas turbine with natural gas [31]. 105 

 106 

Gas quality is important to prevent degradation of the electrodes of the SOFC. For 107 

biogas, desulfurization with a charcoal filter is sufficient. Gas treatment of gasification 108 
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gas is more complex. Particles, chlorine, sulfur and undesired higher hydrocarbons, 109 

so called tars [32], must be removed. State of the art is cold gas cleaning in filters 110 

and scrubbers. Thus, the steam in the gas is also condensed. Hot gas cleaning, 111 

however, has the potential to improve energetic efficiency by using the energy 112 

content of the tars and preventing the loss of sensible energy in the scrubber. It also 113 

has the potential to reduce the complexity of the system by eliminating heat 114 

exchangers and other components. Although hot gas cleaning is not state of the art, 115 

there are several research activities in this field. The Fraunhofer UMSICHT report 116 

[33] gives an overview of gas cleaning processes for both biogas and gasification gas 117 

in general. Aravind [34] summarizes several possibilities for hot gas cleaning of 118 

gasification gas for fueling a SOFC. The present work implements hot gas cleaning.  119 

 120 

The aim of the present work is a concept that maximizes the utilization of the energy 121 

content of sewage sludge. Therefore, three main concepts are presented with 122 

combined fermentation and gasification and conversion of the product gases, either 123 

in a SOFC or in a hybrid system consisting of a SOFC and a gas turbine. The 124 

advantages of heat and stream integration are shown by comparing electrical 125 

efficiencies. For the most efficient concepts with power generation in SOFC and gas 126 

turbine, different options for compressing the gasification gas for the gas turbine are 127 

discussed. 128 

 129 

 130 

 131 

 132 
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2. Modelling Aspects and Assumptions 133 

 134 

Aspen Plus is the software used for process simulation, which includes gas treatment 135 

and conversion to electricity. Fermenter and gasifier are treated as black boxes with 136 

conversion rates, efficiencies and product gas concentrations taken from literature 137 

and project partners [15, 35-37]. 138 

 139 

 140 

Figure 2: Flowsheet in Aspen Plus for power generation using SOFC and gas 141 

turbine 142 

 143 

The power generation part of the Aspen Plus model is shown in Figure 2. Preheated 144 

air at 700 °C (compare stream A3 in Fig. 2) is fed into the cathode. The required 145 

amount of oxygen for the electrochemical reaction in the fuel cell (stream O2) is 146 
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separated and fed together with the cleaned product gases from fermentation and 147 

gasification (compare stream M1) into the anode which is modeled as Gibbs reactor. 148 

First all the released heat at the anode-reactor (stream Q-SOFC) is used to heat up 149 

the air (stream A4-1). In a second step the generated electrical power in the SOFC is 150 

extracted from stream A4-2 in block P-SOFC reaching the actual temperature of the 151 

cathode off-gas of 800 °C (stream A4-3). The electrical power is calculated as 152 

followed: 153 

Pel,SOFC =  Uf ∙ V ∙  ṅM1 ∙  (yH2 ∙ yCO ∙ 4 yCH4)  ∙ 2F 

Uf is the fuel utilization in the SOFC, V the voltage, ṅM1 the mole flow at the inlet of 154 

the SOFC-anode, yi the appropriate mole fractions and F the faraday constant. In 155 

order to calculate the cell voltage, a one-dimensional simulation tool in Excel is used 156 

with respect to local gas concentrations, electrical resistance and temperature along 157 

one cell of the SOFC in co-flow configuration. As input from Aspen Plus, the gas 158 

concentration, pressure and temperature at the inlet of the anode (stream M1) are 159 

required. The tool provides a look-up table for cell voltages, which are dependent on 160 

operating pressure, temperature, gas concentration and fuel utilization. The SOFC is 161 

standardized to 0.7 V for a typical non-pressurized, reformed gasification gas, which 162 

enters the anode of the SOFC at 700 °C and exits at 800 °C. All simulations are 163 

based on the same stack size. The anode and cathode off-gas are mixed, burned 164 

and used for power generation in the gas turbine. 165 

 166 

The simulations in Aspen are based on the following assumptions: 167 

- Peng-Robinson is used as equation of state. 168 
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- The tar reformer and burning chamber of the gas turbine are modeled as 169 

Gibbs reactors for which chemical equilibrium is assumed. 170 

- The gas turbine and the compressors are modeled as isentropic (isentropic 171 

efficiency of gas turbine: 85 % and compressor: 78 %). 172 

- All component-related heat losses are not taken into consideration. 173 

- The entry and exit air temperatures for the SOFC are 700 °C and 800 °C, 174 

respectively. 175 

- 50% of the energy content of sewage sludge is converted to biogas with gas 176 

composition of 60 vol% CH4 and 40 vol% CO2 [37]. 177 

- Gasification gas composition (dry): 73 vol% H2; 11.5 vol% CH4; 7.5 vol% CO; 178 

6 vol% CO2; 2 vol% C2H6 [15] (875 ppmv C10H8); 33.3 vol% H2O. 179 

- Fermentation waste is dried from 70 % to 25 % water content at 850 kWh per 180 

ton water. 181 

 182 

It is further assumed that the heat demand for pre-heating the air for the gasification 183 

process regenerator and for the steam generation for the gasifier is covered by the 184 

waste heat of the regenerator flue gas [35]. Cold gas efficiency of the gasification 185 

process is assumed to be 70 % [36]. Gas cleaning of the gasification gas concerning 186 

particles, chlorine and sulfur is assumed to take place at a temperature of 650 °C 187 

[34]. Energy losses are not taken into consideration. Tars are reformed at 900 °C 188 

[38]. Sensible energy of the reforming product gases is partly used for heating the 189 

gas before reforming. 190 

 191 

 192 
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3. Combined Fermentation and Gasification Process 193 

 194 

Three main process configurations are investigated to illustrate the potential of 195 

combined fermentation and gasification of sewage sludge and the conversion of 196 

biogas and gasification gas into electricity. In the first configuration, the conversion of 197 

gas takes place exclusively in the SOFC, whereas the second and third 198 

configurations rely on a hybrid system consisting of a SOFC and a gas turbine. The 199 

third configuration differentiates itself by introducing the use of a pressurized gasifier. 200 

In order to illustrate the advantages of the combined processes, configurations with 201 

separated processes are also introduced at the end of the chapter.  202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 
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3.1. Process Configuration with Gas Conversion in the SOFC only 214 

 215 

 216 

Figure 3: Combination of fermentation and gasification – conversion of biogas 217 

and gasification gas in SOFC (Configuration 1) [5] 218 

 219 

Figure 3 contains Configuration 1, in which biogas and gasification gas are converted 220 

in a SOFC. Sewage sludge with an energy flow of 10 MW is fermented. This energy 221 

flow, which is based on the lower heating value, corresponds to the capacity of a 222 

sewage treatment plant for a city of about 500,000 inhabitants. The fermentation 223 

waste, with a water content of more than 90 %, still contains 50 % of primary energy 224 

input. After mechanical dewatering to 70 % humidity, the fermentation waste is dried 225 

thermally to 25 % humidity. Therefore, a heat flow rate of 3.38 MW is needed (stream 226 
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Q1). The 5 MW fermentation waste (fermentation waste with an energy flow rate of 227 

5 MW based on the lower heating value) is combined with a 10 MW wood feed and 228 

converted in the fluidized bed of the gasifier. Absorption-enhanced reforming 229 

provides a gas at 650 °C with 73 vol% H2 in the dry gas (stream G1). After being 230 

cleaned of particles, chlorine and sulfur, the product gas reaches the tar reformer at a 231 

temperature of 650 °C (stream G2). In order to maintain the high quality of the gas 232 

with high concentrations of H2, low concentrations of CO2 and no N2, an allothermal 233 

reforming process is considered. Since tars are present, a reforming temperature of 234 

900°C is required [38], which is also sufficient to reform any other hydrocarbons 235 

present (methane, ethane, etc.) as well. As the reforming reaction is endothermic, 236 

heat at a high temperature level is required (stream Q2). Subsequently, the reformed 237 

gasification gas is mixed with biogas and the resulting mixture (stream M1) is 238 

converted at the anode of the SOFC at a temperature of 700 °C. Methane from the 239 

biogas is reformed directly at the anode with steam from the gasification gas and the 240 

products CO and H2 are converted into electricity. A fuel utilization rate of 80 % in the 241 

SOFC is assumed which leads to a cell voltage of 0.68 V. Air (stream A3) is required 242 

at the cathode of the SOFC in order to provide the oxygen for the electrochemical 243 

reaction and to cool the stack. Because of these cooling requirements, an excess of 244 

air is supplied to the SOFC (λ = 9.5).  245 

 246 

The SOFC off-gases (stream M2 and parts of the cathode off-gas) are burned in a 247 

combustion chamber. Thus energy at a high temperature level is available, which is 248 

used for the energy demand of the tar reformer (Q2) and for pre-heating air for the 249 

SOFC. An additional heat flow rate of 4.89 MW at more than 750 °C (stream Q6b) is 250 

also available and has a high potential, but remains largely unleveraged in this 251 
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process configuration, apart from being used for drying the fermentation waste (Q1) 252 

and for district heating. The gas exiting the heat exchanger (stream M5) is cooled to 253 

80 °C in a second step and the heat is also used for district heating. 254 

 255 

 256 

3.2. Process Configuration with Gas Conversion in a Hybrid System of 257 

SOFC and Gas Turbine 258 

 259 

 260 
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Figure 4: Combination of fermentation and gasification – compression of 261 

biogas and gasification gas to 3 bar absolute pressure and combined 262 

conversion in a hybrid system of a SOFC and a gas turbine (Configuration 2) 263 

[5] 264 

 265 

In Configuration 2 the gases are converted to electricity in a hybrid system consisting 266 

of a SOFC and a gas turbine (Fig. 4). In order to increase the efficiency of the 267 

combined plant, the off-gas of the SOFC is expanded in a gas turbine. This requires 268 

a pressurized operation of the SOFC at 3 bar absolute pressure, which also 269 

increases the efficiency of the SOFC itself [21]. Fuel utilization in the SOFC is 270 

reduced in order to reach a sufficiently high temperature before and especially after 271 

the turbine (stream M4) in order to heat the compressed air (stream A2) to 700 °C for 272 

the SOFC. The temperature before and after the gas turbine (streams M3 and M4) 273 

increases with reduced fuel utilization in the SOFC because less air is required for 274 

cooling purposes (stream A3) and because the SOFC off-gas contains more 275 

chemical energy, which is converted in the burning chamber.  Based on material 276 

properties, a temperature of 990 °C is assumed before the gas turbine, resulting in a 277 

fuel utilization rate of 67.5 % in the SOFC for Configuration 2. The cell voltage is 278 

calculated to 0.835 V. The difference in gas treatment between Configuration 2 and 279 

Configuration 1 is that the gasification gas must be cooled for compression. 280 

Gasification gas is compressed to 3 bar absolute pressure at 120 °C in order to 281 

prevent the steam in the gas (streams G5 and G6) from condensing. The steam is 282 

required for the internal reforming of methane from biogas at the anode of the SOFC. 283 

 284 
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3.3. Process Configuration with Pressurized Gasification and Gas 285 

Conversion in a Hybrid System of SOFC and Gas Turbine 286 

 287 

 288 

Figure 5: Combination of fermentation and pressurized gasification at 3 bar 289 

absolute pressure – conversion of biogas and gasification gas in a hybrid 290 

system of a SOFC and a gas turbine (Configuration 3) [5] 291 

 292 

In Configuration 3, a pressurized gasifier [39] is implemented (Fig. 5). Gas treatment 293 

is simplified, since the gas does not need to be cooled and compressed and the 294 
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energy required for compression to 3 bar absolute pressure is saved. The following 295 

assumptions are made: 296 

- Energy demand for the compression of liquid water before evaporation in the 297 

gasifier is negligible. 298 

- Energy demand for pre-heating the air for the regenerator and for vaporizing 299 

the water for the gasification process is covered by the regenerator flue gas. 300 

- Energy demand for compressing the air for the regenerator is covered by 301 

expansion of the regenerator flue gas. 302 

- Cold gas efficiency, gas composition and gas temperature are the same as in 303 

the case of atmospheric gasification. 304 

 305 

In reality, the temperature of the gasification process will be higher and the product 306 

gas composition will vary at 3 bar absolute pressure. For example, several more 307 

hydrocarbons will exist [40]. After mixing the gasification gas with compressed 308 

biogas, the mixture can be converted in the SOFC and the gas turbine as described 309 

for Configuration 2. 310 

 311 

 312 

 313 

 314 

 315 

 316 
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3.4. Overview of Process Configurations 317 

 318 

In contrast to Configurations 1, 2 and 3, as described in the previous sections, in 319 

Configurations 1a and 2a, the conversion of the dried fermentation waste takes place 320 

in a separate process. No heat integration is possible and each gas is converted 321 

separately. In Figure 6 an overview of all Configurations is shown. In Configuration 322 

2b the steam in the gasification gas is condensed and the gas compressed at lower 323 

temperatures than in Configuration 2.  324 

 325 

 326 

Figure 6: Overview of all configurations: combined-process (Confs. 1, 2, 2b, 3) 327 

and separated-process (Confs. 1a, 2a) 328 

 329 

Figure 7 shows the fermentation part of Configuration 2a, which consists of the 330 

fermentation and conversion of biogas in a hybrid system of a SOFC and a gas 331 

turbine. The fermentation waste is dried before being transported to the gasification 332 

process. Steam is supplied for internal reforming of methane out of the biogas at the 333 

anode of the SOFC and the steam-biogas-mixture is heated to 700 °C (Q3). 334 

 335 
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 336 

Figure 7: Fermentation of sewage sludge and conversion of biogas in a hybrid 337 

system of a SOFC and a gas turbine (left part of Conf. 2a) [5] 338 

 339 

The electrical efficiency is defined for all configurations as: 340 

ƞel =  
PSOFC + PTurb −  PCompr 

HSew−Sludge +  HWood +  Qexternal
 

Whereas no external heat is required for Configuration 1, an external heat source 341 

(Q2) is required for the tar reformer in Configurations 2, 2a, 2b and 3. In the case of 342 

Configurations 1a and 2a, external heat is also required for drying the fermentation 343 

waste, supplying steam and heating the biogas-steam mixture. 344 

 345 
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4. Results and Discussion 346 

 347 

This chapter comprises two sections. The first section underlines the advantages of 348 

combined fermentation and gasification (Configurations 1 and 2) resulting from heat 349 

and stream integration compared to two separate processes (Configurations 1a and 350 

2a). In the second part the results for power generation in a hybrid system consisting 351 

of a SOFC and a gas turbine are discussed, with special consideration given to the 352 

different possibilities of pressurization (Configurations 2, 2b and 3). 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 
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4.1. Advantages of Combined Fermentation and Gasification 366 

 367 

An advantage of combined fermentation and gasification is that waste heat from the 368 

gasification process can be used to dry the fermentation waste.  369 

 370 

 371 

Figure 8: Waste heat (Q5, Q7 at the left) and heat demand (Q1, Q2, Q3, Q4 at the 372 

right) for Configuration 2:  With separated processes for gasification and 373 

fermentation (Conf. 2a) and the combined process (Conf. 2) 374 

 375 

Figure 8 illustrates the heat streams for Configuration 2, as well as for Configuration 376 

2a, which consists of two separate processes for fermentation and gasification. For 377 

the combined process, heat streams Q5 and Q7 are sufficient for covering the heat 378 
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demand of drying the fermentation waste (Q1). Operating with separate processes 379 

produces significant waste heat during gasification, which cannot be used in 380 

concurrent or subsequent processes. The heat required for drying the fermentation 381 

waste in the fermentation process cannot be covered completely, requiring the 382 

addition of supplementary external heat. This extra heat has to be supplied by a 383 

burner, which may be fired with fossil fuels, for example. In all cases, extra heat for 384 

the tar reformer in the gasification process (Q2) cannot be provided internally, 385 

because the heat requirements exceed 900 °C. 386 

 387 

Another advantage besides heat integration is stream integration. The approximately 388 

19 % steam in the 4800 mN
3/h stream of reformed gasification gas (stream G6 in 389 

Confs. 1, 2 and 3) is sufficient to reform the 60 % methane contained in the 840 390 

mN
3/h biogas stream, which happens at the anode of the SOFC.  Containing 9 % 391 

methane and 16 % H2O, there is sufficient steam in the mixed gas to inhibit 392 

thermodynamic carbon formation at the anode of the SOFC. If biogas and 393 

gasification gas are converted together in the SOFC, neither an evaporator providing 394 

steam for the internal reforming of methane, nor a heat exchanger for heating the 395 

biogas-steam-mixture is required. No supplementary heat (Q3 and Q4 of the 396 

separate fermentation process in Figure 7) is required, which also increases overall 397 

electrical efficiency. Comparing Configuration 2 with Configuration 2a demonstrates 398 

the effect of heat and stream integration. Additional heat flows of 0.59 MW for 399 

vaporizing (Q4 in Figure 7) and 0.53 MW for heating the biogas-steam-mixture (Q3) 400 

are required. Requiring external heat for Q3, Q4 and parts of Q1 (for the drier) causes 401 

the overall electrical efficiency to be reduced from 52.8 % (Conf. 2) to 46.4 % (Conf. 402 
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2a). In the case of exclusive use of a SOFC, as in Configuration 1, the overall 403 

electrical efficiency is reduced from 33.7 % (Conf. 1) to 29.7 % (Conf. 1a). 404 

 405 

Configuration 1 2 
Processes separated (a) combined separated (a) combined 
ηel [%] 29.7 33.7 46.4 52.8 
 406 

Table 1: Comparison of electrical efficiencies with separated and combined 407 

processes of fermentation and gasification (for Confs. 1 and 2) 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 
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4.2. Pressurized Operation of SOFC and Gas Turbine and 421 

Pressurization of Gasification Gas 422 

 423 

With the advantages of stream and heat integration shown in section 4.1, an 424 

electrical efficiency of over 30 % (33.7 % for Conf. 1) is achieved. In the case of 425 

exclusive conversion in a SOFC, however, a significant amount of energy is 426 

inefficiently used or lost as waste heat. As described in section 3.1, not all of the 427 

chemical energy in the mixed gas (stream M1 in Fig. 3) can be converted in the 428 

SOFC. Due to the fuel utilization rate of 80 %, the high amount of air used for cooling 429 

(λ = 9.5) and the conversion of the remaining chemical energy in a burning chamber, 430 

there is a surplus of energy available in the form of heat at over 900 °C. Even after 431 

covering the heat requirements for reforming the gasification gas (stream Q2), an 432 

excess of 4.89 MW is available at over 800 °C, which is not used efficiently by district 433 

heating in Configuration 1. Since this potential is used more efficiently by a gas 434 

turbine in Configurations 2 and 3, the electrical efficiency increases from 33.7 % 435 

(Conf. 1) to 52.8 % (Conf. 2). In order to maintain a sufficiently high temperature at 436 

the turbine off-gas to heat the air to 700 °C for the SOFC, fuel utilization in the SOFC 437 

has to be reduced to 67.5 % in Configuration 2. Thus, less air is required to cool the 438 

SOFC (λ = 5.0). At the given conditions – pressure ratio of 3 in the turbine and low 439 

cooling effect of internal reforming of only 9 % methane in the gas – the gas turbine 440 

contributes approximately 34 % to electrical output. The more methane in the gas, 441 

the bigger the cooling effect in the SOFC, the less air required and the more fuel can 442 

be converted in the SOFC. Thus, less air in the compression and expansion part of 443 

the turbine leads to a smaller contribution of the turbine to electrical output. 444 
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 445 

If converted in a turbine, the gas must be compressed to 3 bar absolute pressure 446 

before the SOFC and the SOFC itself must work under pressure. Therefore, different 447 

routes for compressing the gas for conversion in a hybrid system of a SOFC and a 448 

gas turbine are discussed. Biogas exists at low temperatures and can be 449 

compressed easily. Gasification gas exists at high temperatures and has to be cooled 450 

for compression. Thus, there are two options to compress the gas, Configuration 2 451 

and 2b, compared in Table 2. 452 

 453 

Configuration 2 2b 3 

Evaporator required no yes no 

Gas cooling required yes yes no 

Tcompr,g [°C] 120 53  - 

Pcompr [MW] 0.37 0.28 0.04 

Pturb [MW]  3.99  3.98  3.96 

PSOFC [MW]  7.74  7.74  7.74 

Poverall [MW]  11.73  11.72  11.70 

Qbiomass [MW] 20 20 20 

Qextern-required [MW]  1.51  1.51  1.50 
ηel [%]  52.8  53.2  54.2 

Qdistrict-heating [MW]  1.75  1.25  1.45 
 454 

Table 2: Comparison of Configurations 2, 2b and 3 with different options for 455 

pressurizing the gasification gas to 3 bar absolute pressure 456 

 457 
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TCompr in Table 2 is the temperature of the gasification gas before compression 458 

(compare stream G5 in Fig. 4 for Configuration 2). PCompr is the electrical power 459 

required for compression of biogas and gasification gas (compare PCompr,BG,a and 460 

PCompr,BG,b in Fig. 4). Qextern-required is the required heat input which cannot be covered 461 

by internal heat integration (compare Q2 in Fig. 4 and 5). Qdistrict-heating is the waste 462 

heat down to 80 °C which can be used for district heating (compare in Fig. 4 or Fig. 8 463 

for Configuration 2: Q5 + Q7 – Q1). 464 

 465 

In the case of Configuration 2b, the gas is cooled to 25 °C before being reheated to 466 

60 °C, mixed with biogas and compressed to 3 bar absolute pressure at a 467 

temperature of 53 °C. Therefore, most of the steam is condensed and the electrical 468 

energy demand for compression is small, due to the small volume flow (see Pcompr in 469 

Table 2). An evaporator is required, however, for providing steam for the internal 470 

reforming of methane in the SOFC, as are heat exchangers for cooling gasification 471 

gas and heating biogas, steam and gasification gas. 472 

 473 

In Configuration 2, the gas is cooled to 120 °C (see stream G5 in Fig. 4) before 474 

compression. Thus, due to the higher steam content in the gas and the higher 475 

temperature, more electrical energy is required for compression. No evaporator is 476 

required, though, resulting in a reduction in the complexity of the whole plant and an 477 

increase in the amount of waste heat, which can be used for district heating (see 478 

Table 2).  479 

 480 
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Using a pressurized gasifier as a third option allows the energy required for 481 

compressing the gasification gas to be saved. Configuration 3 offers an increase in 482 

electrical efficiency from 52.8 % (Conf. 2) to 54.2 %. After hot gas cleaning, 483 

pressurized gasification gas is mixed with compressed biogas and converted in a 484 

SOFC and a gas turbine at 3 bar absolute pressure. No evaporator and no heat 485 

exchangers are required for gas treatment. Configuration 3 is identified as the most 486 

promising configuration concerning the electrical efficiency of converting sewage 487 

sludge (and wood residue). 488 

 489 

 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 
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5. Conclusion 502 

 503 

It was illustrated that the combination of fermentation and gasification coupled with 504 

the combined product gas conversion in a hybrid system consisting of a SOFC and a 505 

gas turbine enables an highly energetic utilization of sewage sludge. With this 506 

innovative concept, sewage sludge is not only disposed of but can also partially 507 

replace fossil fuels. Additionally, with wood residue being converted in the gasifier, 508 

fossil fuel use is further reduced. In each of the three investigated configurations with 509 

combined fermentation and gasification, the waste heat produced by the combined 510 

plant is sufficient for drying the fermentation waste. If the fermentation process and 511 

the gasifier are considered separately, however, the waste heat from the 512 

fermentation part is not sufficient for drying purposes, requiring an external heat 513 

source. An hybrid SOFC-gas turbine system, which is investigated at 3 bar absolute 514 

pressure in this work, enables high electrical efficiencies. Since gasification gas 515 

contains no methane after tar reforming and there is only 9 % of methane in the gas 516 

after mixing it with biogas, there is only a small heat sink resulting from internal 517 

reforming at the SOFC anode and, as a consequence, a high amount of air is 518 

required for cooling the SOFC. Therefore, the SOFC off-gas contains significant 519 

amounts of sensible and chemical energy, which are optimal for conversion in a gas 520 

turbine. Approximately 34 % of the electrical output is produced by the gas turbine. 521 

With the combined conversion of biogas and gasification gas in the SOFC, a heater 522 

for the biogas and an evaporator for providing steam for internal reforming of the 523 

biogas at the SOFC anode are not needed, because the gasification gas contains 524 

sufficient steam. In the case of atmospheric gasification and gas conversion in a 525 

hybrid system, this advantage of saving an evaporator however leads to the 526 

27 
 



disadvantage that more electrical energy is required for the hot compression. Overall, 527 

a process-wide electrical efficiency of 53 % is calculated, excluding any heat losses. 528 

Pressurizing the gasifier to 3 bara maximizes the overall electrical efficiency to 54 % 529 

and reduces the complexity of the gas treatment process.  530 

 531 

 532 

Acknowledgements 533 

 534 

The grant of Helmholtz Gemeinschaft within the project DLR@UniST is gratefully 535 

valued. The authors gratefully acknowledge the collaboration with the University of 536 

Stuttgart: Ursula Schließmann, Yasemin Sterr and Brigitte Kempter-Regel from IGVP 537 

(Institut für Grenzflächenverfahrenstechnik und Plasmatechnologie) as well as Nina 538 

Armbrust and Norman Poboß from IFK (Institut für Feuerungs- und 539 

Kraftwerkstechnik) and wish to thank them for their input concerning high-540 

performance digestion and absorption enhanced gasification. 541 

 542 

 543 

 544 

 545 

 546 

 547 

28 
 



References 548 

 549 

[1] Benjamin Wiechmann; Claudia Dienemann; Dr. Christian Kabbe; Simone Brandt; 550 

Dr. Ines Vogel; Dr. Andrea Roskosch: Klärschlammentsorgung in der Bundesrepublik 551 

Deutschland; Bericht Umweltbundesamt, 2012. 552 

 553 

[2] Takahiro Murakami, Yoshizo Suzuki, Hidekazu Nagasawa, Takafumi Yamamoto, 554 

Takami Koseki, Hitoshi Hirose, Seiichiro Okamoto: Combustion characteristics of 555 

sewage sludge in an incineration plant for energy recovery, Fuel Processing 556 

Technology, Volume 90, Issue 6, June 2009, Pages 778-783. 557 

 558 

[3] Hanmin Xiao, Xiaoqian Ma, Kai Liu, Co-combustion kinetics of sewage sludge 559 

with coal and coal gangue under different atmospheres, Energy Conversion and 560 

Management, Volume 51, Issue 10, October 2010, Pages 1976-1980. 561 

 562 

[4] Jan Nadziakiewicz, Michał Kozioł: Co-combustion of sludge with coal, Applied 563 

Energy, Volume 75, Issues 3–4, July–August 2003, Pages 239-248. 564 

 565 

[5] Methling, T., Armbrust, N., Haitz, T., Speidel, M., Poboss, N., Braun-Unkhoff, M. 566 

et al. Power Generation Based on Biomass by Combined Fermentation and 567 

Gasification - A New Concept Derived from Experiments and Modelling, Bioresource 568 

Technology (2014), doi: http://dx.doi.org/10.1016/j.biortech.2014.07.036 569 

29 
 



 570 

[6] Kempter-Regel, B., Trösch, W., Oehlke, M., Weber, J. (2003): Integration einer 571 

Hochlastfaulung in die herkömmliche Technik: Erste Bilanzierungsergebnisse der 572 

Schlammfaulung in Heidelberg. KA Wasserwirtschaft Abwasser Abfall, 11/2003. 573 

 574 

[7] Brigitte Kempter, Ulrike Schmid-Staiger, Walter Trösch (2000): Verbesserter 575 

Abbau von kommunalen Klärschlämmen in einer zweistufigen Hochlast-576 

Vergärungsanlage. KA Wasserwirtschaft Abwasser Abfall, 9/2000.  577 

 578 

[8] Kempter-Regel B., Trösch W. (2009): Hochlastfaulung mit Mikrofiltration. Die 579 

Gemeinde, Organ des Gemeindetags Baden-Württembergs. BWGZ 11/2009. 580 

 581 

[9] Young Nam Chun, Seong Cheon Kim, Kunio Yoshikawa: Pyrolysis gasification of 582 

dried sewage sludge in a combined screw and rotary kiln gasifier, Applied Energy, 583 

Volume 88, Issue 4, April 2011, Pages 1105-1112. 584 

 585 

[10] Nimit Nipattummakul, Islam Ahmed, Somrat Kerdsuwan, Ashwani K. Gupta: High 586 

temperature steam gasification of wastewater sludge, Applied Energy, Volume 87, 587 

Issue 12, December 2010, Pages 3729-3734. 588 

 589 

30 
 



[11] L. Fryda, K.D. Panopoulos, E. Kakaras: Integrated CHP with autothermal 590 

biomass gasification and SOFC–MGT, Energy Conversion and Management, 591 

Volume 49, Issue 2, February 2008, Pages 281-290. 592 

 593 

[12] Sung Ku Park, Ji-Ho Ahn, Tong Seop Kim: Performance evaluation of integrated 594 

gasification solid oxide fuel cell/gas turbine systems including carbon dioxide capture, 595 

Applied Energy, Volume 88, Issue 9, September 2011, Pages 2976-2987. 596 

 597 

[13] C. Pfeifer, B. Puchner, H. Hofbauer, 2007. In-situ CO2-absorption in a dual 598 

fluidized bed biomass steam gasifier to produce a hydrogen rich syngas. International 599 

Journal of Chemical Reactor Engineering 5, A9. 600 

 601 

[14] C. Pfeifer, B. Puchner, H. Hofbauer, Comparison of dual fluidized bed steam 602 

gasification of biomass with and without selective transport of CO2, Chemical 603 

Engineering Science, Volume 64, Issue 23, 1 December 2009, Pages 5073-5083. 604 

 605 

[15] Poboß, N.; Zieba, M.; Scheffknecht, G.: Wasserstofferzeugung aus Biomasse 606 

mittels einer adsorptionsunterstützten Reformierung in einer dual zirkulierenden 607 

Wirbelschichtanlage. ERDÖL ERDGAS KOHLE; Heft 2, Seite(n): 84 - 89; 2011. 608 

 609 

[16] Poboß, N.; Swiecki, K.; Charitos, A.; Hawthorne, C.; Zieba, M.; Scheffknecht, G.: 610 

Experimental Investigation of the Absorption Enhanced Reforming of Biomass in a 20 611 

31 
 



kWth Dual Fluidized Bed System. International Journal of Thermodynamics (IJoT), 612 

Heft 1, Seite(n): 53-59; DOI: 10.5541/ijot.321; 2012. 613 

 614 

[17] Stefan Koppatz, Christoph Pfeifer, Reinhard Rauch, Hermann Hofbauer, Tonja 615 

Marquard-Moellenstedt, Michael Specht: H2 rich product gas by steam gasification of 616 

biomass with in situ CO2 absorption in a dual fluidized bed system of 8 MW fuel 617 

input. Fuel Processing Technology, Volume 90, Issues 7–8, July–August 2009, 618 

Pages 914-921. 619 

 620 

[18] Tobias Heffels, Russell McKenna, Wolf Fichtner, An ecological and economic 621 

assessment of absorption-enhanced-reforming (AER) biomass gasification, Energy 622 

Conversion and Management, Volume 77, January 2014, Pages 535-544. 623 

 624 

[19] Daniele Cocco, Vittorio Tola, Use of alternative hydrogen energy carriers in 625 

SOFC–MGT hybrid power plants, Energy Conversion and Management, Volume 50, 626 

Issue 4, April 2009, Pages 1040-1048. 627 

 628 

[20] Farshid Zabihian, Alan S. Fung, Performance analysis of hybrid solid oxide fuel 629 

cell and gas turbine cycle: Application of alternative fuels, Energy Conversion and 630 

Management, Volume 76, December 2013, Pages 571-580. 631 

 632 

32 
 



[21] Henke, M., Kallo, J., Friedrich, K.A. and Bessler, W.G., Influence of 633 

Pressurisation on SOFC Performance and Durability: A Theoretical Study. Fuel Cells 634 

11, 2011, 4, 581-591. 635 

 636 

[22] Florian Leucht, Wolfgang G. Bessler, Josef Kallo, K. Andreas Friedrich, H. 637 

Müller-Steinhagen, Fuel cell system modeling for solid oxide fuel cell/gas turbine 638 

hybrid power plants, Part I: Modeling and simulation framework, Journal of Power 639 

Sources, Volume 196, Issue 3, 1 February 2011, Pages 1205-1215. 640 

 641 

[23] Panne, T., Widenhorn, A., Boyde, J., Matha, D., Abel, V., Aigner, M. 642 

Thermodynamic Process Analyses of SOFC/GT Hybrid Cycles AIAA-2007-4833, 5th 643 

International Energy Conversion Engineering Conference and Exhibit (IECEC), St. 644 

Louis, Missouri (USA), 2007. 645 

 646 

[24] F. Calise, M. Dentice d’Accadia, A. Palombo, L. Vanoli: Simulation and exergy 647 

analysis of a hybrid Solid Oxide Fuel Cell (SOFC)–Gas Turbine System, Energy, 648 

Volume 31, Issue 15, December 2006, Pages 3278-3299. 649 

 650 

[25] P. Costamagna, L. Magistri, A.F. Massardo: Design and part-load performance 651 

of a hybrid system based on a solid oxide fuel cell reactor and a micro gas turbine, 652 

Journal of Power Sources, Volume 96, Issue 2, 15 June 2001, Pages 352-368. 653 

 654 

33 
 



[26] S.H. Chan, H.K. Ho, Y. Tian, Multi-level modeling of SOFC–gas turbine hybrid 655 

system, International Journal of Hydrogen Energy, Volume 28, Issue 8, August 2003, 656 

Pages 889-900. 657 

 658 

[27] S. Steiert, J. Brellochs, M. Specht, D. Schweitzer, N. Armbrust, H. Dieter: 659 

Biomass to Gas - Teilprojekt IV: Brennstoff-Flexibilisierung AER-Vergasung, Energie 660 

| Wasser-Praxis, 1/2014. 661 

 662 

[28] M. Stelter, M. Jahn, M. Heddrich, M. Kuznezoff: SOFC-CHP system operated on 663 

biogas, Fuel Cell Seminar and Exposition, Washington, 2008. 664 

 665 

[29] Ouweltjes J. P., Aravind P. V., Woudstra N., et al: Biosyngas Utilization in Solid 666 

Oxide Fuel Cells With Ni∕GDC  Anodes J. Fuel Cell Sci. Technol 3(4), 495-498 667 

(2006). 668 

 669 

[30] N. Dekker, L. Rabou, H. van Wees, B. Rietveld: Operation of a Staxera SOFC 670 

Stack - Fuelled with Cleaned Gas from a Gasifier, 8th European SOFC Forum – 671 

Lucerne 2008. 672 

 673 

[31] S. Veyo, W. Lundberg, S. Vora, K. Litzinger: Tubular SOFC Hybrid Power 674 

System Status. Proceedings of ASME Turbo Expo 2003, 2003. GT2003-38943. 675 

 676 

34 
 



[32] Chunshan Li, Kenzi Suzuki, Tar property, analysis, reforming mechanism and 677 

model for biomass gasification—An overview, Renewable and Sustainable Energy 678 

Reviews, Volume 13, Issue 3, April 2009, Pages 594-604. 679 

 680 

[33] Analyse und Bewertung der Nutzungsmöglichkeiten von Biomasse; 681 

Untersuchung im Auftrag von BGW und DVGW; Band 3: Biomassevergasung, 682 

Technologien und Kosten der Gasaufbereitung und Potenziale der 683 

Biogaseinspeisung in Deutschland; August 2005. 684 

 685 

[34] P.V. Aravind, Wiebren de Jong, Evaluation of high temperature gas cleaning 686 

options for biomass gasification product gas for Solid Oxide Fuel Cells, Progress in 687 

Energy and Combustion Science, Volume 38, Issue 6, December 2012, Pages 737-688 

764. 689 

 690 

[35] Y. Rösslein: Techno-ökonomische Modellierung der ein- und zweistufigen 691 

sorptionsunterstützten Biomassevergasung mittels Aspen Plus; Bachelorarbeit 692 

Institut für Feuerungs- und Kraftwerkstechnik, Universität Stuttgart, 2011. 693 

 694 

[36] S. Steiert: FuE-Plattform "Biomass-to-Gas" - Energetische Nutzung biogener 695 

Reststoffe mit AER-Technologie zur Poly-Generation von Strom, Wasserstoff, 696 

Erdgassubstitut und Wärme. Schlussbericht, Technische Informationsbibliothek u. 697 

Universitätsbibliothek, Stuttgart 2013. 698 

35 
 



 699 

[37] Personal communication B. Kempter-Regel from IGVP, Universität Stuttgart, 700 

2012. 701 

 702 

[38] M. Ising: Zur katalytischen Spaltung teerartiger Kohlenwasserstoffe bei der 703 

Wirbelschichtvergasung von Biomasse. Dissertation Universität Dortmund, 704 

Fraunhofer IRB Verlag Stuttgart, 2002. 705 

 706 

[39] B. Puchner, T. Pröll, R. Zweiler, H. Hofbauer: Wirbelschichtdruckvergasung – 707 

eine zukunfts-orientierte Technik zur thermischen Nutzung von Biomasse. 708 

Österreichische Ingenieur- und Architekten-Zeitschrift (ÖIAZ), 151. Jg., Heft 10-709 

12/2006. 710 

 711 

[40] S. Steiert: FuE-Plattform "Biomass-to-Gas" - Energetische Nutzung biogener 712 

Reststoffe mit AER-Technologie zur Poly-Generation von Strom, Wasserstoff, 713 

Erdgassubstitut und Wärme. Schlussbericht, Technische Informationsbibliothek u. 714 

Universitätsbibliothek, Stuttgart 2013. 715 

36 
 


