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ABSTRACT 36 

 37 

A Combined Heat and Power (CHP) system fuelled with rice husk is analysed from the 38 

thermodynamic, exergetic and economic point of view. The system is based on a gasification 39 

process coupled with a rice drying system. The produced syngas is employed to power a Spark 40 

Ignition (SI) Internal Combustion Engine (ICE) working as an electric generator, while the 41 

jacket cooling water powers a bottoming Organic Rankine Cycle (ORC) to produce electricity 42 

for plant self-consumption.  43 
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A parametric analysis is carried out to investigate thermodynamic performances by 44 

varying the gasifier Equivalent Ratio (ER): as the ER increases, the ICE produced power and 45 

combustion efficiency decrease, while the thermal efficiency increases. However, the system is 46 

always capable to produce power for self-consumption and the desiccant flow for drying. 47 

The characterization of the engine is then better assessed by means of a dedicated GT-48 

Power engine model, optimized for syngas fuelling, revealing a power derating of the 30% with 49 

respect to the natural-gas feeding operation. 50 

Other main findings suggest that the global exergetic efficiency ranges between 10.6% 51 

and 8.5%, while the economic profitability, represented by the Simple Pay Back, Net Present 52 

Value and Profit Ratio, cannot be considered satisfactory due to the consistent investment cost. 53 

 54 

KEYWORDS 55 

Biomass, Gasification, Internal Combustion Engine, Organic Rankine Cycle, Drying, CHP 56 

 57 

NOMENCLATURE 58 

Acronyms 59 

AF  Annuity Factor    [-] 60 

BFB  Bubbling Fluidized Bed 61 

CFB  Circulating Fluidized Bed 62 

CHP  Combined Heat and Power 63 

CCHP  Combined Cooling, Heat and Power 64 

cp  specific heat,     [kJ/kg K], [kJ, kmol K] 65 

daf  dry ash free basis 66 

db  dry basis 67 

ER  Equivalent Ratio 68 

EFGT  Externally Fired Gas Turbine 69 

Ex   Exergy flow     [kW] 70 

ex  specific exergy    [kJ/kg], [kJ/kmol] 71 

FC  Fixed Carbon     [%] 72 

exF   Exergy fuel     [kW] 73 

HE  Heat Exchanger 74 

HHV  Higher Heating Value    [MJ/kg] 75 

HPR  Heat to Power Ratio 76 

ICE  Internal Combustion Engine 77 

IRR  Internal Rate of Return   [-] 78 

LHV  Lower Heating Value    [MJ/kg] 79 

NPV  Net Present Value    [€] 80 

O&M  Operational and Maintenance 81 

ORC  Organic Rankine Cycle 82 

PHR  Power to Heat Ratio 83 

PR  Profit Ratio     [-] 84 

PTC  Parabolic Through Collector 85 

exP   Exergy product    [kW] 86 

P   Power      [kW] 87 

exR   Exergy residual    [kW] 88 
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RDF  Refuse Derived Fuel 89 

SPB  Simple Pay Back    [years] 90 

TES  Thermal Energy Storage 91 

VM  Volatile Matter    [%] 92 

U  Overall heat transfer coefficient  [kW/m2 K] 93 

VCC  Vapour Compressor Cycle 94 

WHR  Waste Heat Recovery 95 

wt  weight      [%] 96 

Latin letters 97 

a   interest rate     [-] 98 

A  heat transfer area    [m2] 99 

A  ash content     [%] 100 

C  annual operational cost, specific cost [€] 101 

C  Carbon     [%] 102 

H  Hydrogen     [%] 103 

J   investment costs    [€] 104 

m   mass flow rate     [kg/s] 105 

N  Nitrogen     [%] 106 

N  lifetime     [years] 107 

n   moles      [kmol] 108 

n   molar flow rate    [kmol/s] 109 

O  Oxygen     [%] 110 

P   exergy product    [kW] 111 

p   pressure     [bar] 112 

R  yearly revenue    [€] 113 

R  universal gas constant    [kJ/kmol K] 114 

R   specific gas constant    [kJ/kg K] 115 

S   Sulphur     [%] 116 

T  absolute temperature    [K] 117 

t   temperature     [°C] 118 

x   molar fraction 119 

y   mass fraction 120 

w  water 121 

 122 

Greek symbols 123 

η   efficiency 124 

 125 

Subscript 126 

0   dead state 127 

air  air 128 

ash  ashes 129 

av  avoided 130 

CC  combustion chamber 131 

ch  chemical 132 

cool  cooling 133 

des  desiccant flow 134 

destr  destroyed 135 
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disp  disposal 136 

el  electric, electricity 137 

ex  exergy, exergetic 138 

exh  exhaust gases 139 

gas  gasifier 140 

HE  Heat Exchanger 141 

Hot  hot 142 

husk  husk 143 

ICE  Internal Combustion Engine 144 

in  inlet 145 

nat,gas  natural gas 146 

net  net 147 

O&M  Operational and Maintenance 148 

ORC  Organic Rankine Cycle 149 

out  outlet 150 

ph  physical 151 

purch.  purchase 152 

ricehusk  rice husk 153 

sell.  selling 154 

st  standard 155 

tot  total 156 

th.  thermal 157 

w  water 158 

 159 

1. INTRODUCTION 160 

The last few years have been characterized by a great interest on Combined Heat and 161 

Power (CHP) plants fuelled with biomass. This technology is emerging on the market with 162 

promising prospects for the near future, such as residue biomass utilization in district heating 163 

& cooling and/or in industrial or commercial activities.  164 

CHP systems with low price and easy-to-use operation for industrial and residential end-165 

users are still under development. Future introduction for domestic/commercial applications 166 

will depend on the available technologies, on the capability to achieve the requested electrical 167 

and thermal loads and on the gas and electricity prices. These economic and technical 168 

uncertainties curb the diffusion of micro and small CHP plants, especially in countries where 169 

economic incentives are lack or not yet provided for bio-energy production. However authors 170 

argue that, CHP plants able to use residual biomass as fuel in specific contexts such as small 171 

and medium-sized enterprises, municipalities, farms, sawmills, etc., can be economically 172 

sustainable even incentive mechanisms are lack or not yet provided. In fact, residual biomasses 173 

that present disposal cost such as biomass from forest harvesting, biomass from communal 174 

green areas (such as roadside greenery, greenery along railways, cemeteries, driftwood, heath 175 

areas, residues from vegetable gardening, field vegetable residues etc.), food residues (such as 176 

chestnuts, almond, hazelnuts, walnut, pistachio, peach, olive kernel, etc.), agricultural 177 

biomasses (such as rice husk, etc.) exhausted olive cake, properly pre-treated, sawmill by-178 

products (such as sawdust, wood chips, slabs and splinters), wood shavings, carpenters, can 179 

instead be used as raw material in order to produce electrical and thermal energy for the same 180 

process. 181 

In this contest, a suitable solution is represented by the exploitation of these residual 182 

materials to generate fuels to be used in Internal Combustion Engines (ICEs), where the 183 

utilization of biofuels appears as the most intuitive practice [1, 2], including biodiesel [3] and 184 
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specific blends [4]. Thermo-chemical conversion through gasification for synthetic gas (or 185 

syngas) production is considered as one of the most suitable technology for small scale CHP 186 

systems based on the ICE technology [5, 6, 7].  187 

ICEs also offer a great potential of Waste Heat Recovery (WHR) [8], since 30 - 40% of 188 

the thermal energy fuel content is available at low temperature (80 - 90 °C) in the cooling circuit 189 

while about the 30% is available at high temperature (300 - 400 °C) from the exhaust gases [8]. 190 

The disadvantages characterizing this technology (low temperature of most of the 191 

recoverable heat, low Heat-to-Power Ratio (HPR), noxious emissions and high maintenance 192 

costs) are perfectly compensated by a large commercial availability in terms of nominal power, 193 

high electric efficiency (35 - 45%), low investment costs, good off-design operation, easiness 194 

of integration with other energy sources and technologies in polygeneration systems [9, 10]. 195 

Main typical thermodynamic characteristics of such systems are summarized in Table 1 [11]. 196 

An interesting example is given in ref. [12], where authors modelled a CHP system based 197 

on an ICE co-fired by natural gas and syngas. The waste heat from the ICE is exploited for 198 

producing both hot water and chilled water by means of a double effect absorption chiller. The 199 

prefeasibility analysis shows a first law efficiency of about 70.0% and an exergy efficiency of 200 

21.9%. 201 

 202 

Table 1. Main thermodynamic characteristics of gasifier coupled with ICE fuelled with 203 

biomass [11]. 204 

 205 

Thermodynamic characteristics Gasifiers + ICE 

Specific biomass consumption (humidity 40 %) [kg/kWhel]  1.2-1.7  

Electric efficiency % [-]  ~ 25  

Thermal efficiency % [-]  ~ 45  

Heat temperature available [°C]  80-500  

Operation time [h/y]  7000  

Specific Cost [€/kWe]          3000-5000  

 206 

Regarding small-scale gasification, a compact cogeneration system producing electricity 207 

and cold/hot water (at 65 and 70 °C respectively) is analysed in [13] from an energetic and 208 

economic point of view. The prime mover is an ICE (15 kWel of power output) fed with wooden 209 

gas obtained from a small-sized bed downdraft gasifier. WHR is performed by exploiting both 210 

the jacket cooling water and the exhaust gases. The plant is characterized by a global energy 211 

efficiency equal to 51.2%, with an electric efficiency equal to 21.4%, and a hot and cold-water 212 

generation efficiency equal to 24.3% and 5.71% respectively. 213 

The application of small-scale gasification in the residential field is also studied in [14], 214 

applied to buildings configurations characterized by different energetic demands. In this 215 

context, this solution appears not suitable due to the variability of users’ energy loads, as such 216 

technology needs to operate in a continuous mode without any off-design or on/off operation 217 

(e.g. as in district heating networks, where users are multiple and loads variability is mitigated 218 

with respect to a single building configuration). 219 

In the perspective of WHR purposes from ICE, Organic Rankine Cycle (ORC) is a smart 220 

solution to further recover low-grade waste heat energy [15, 16], as for example from the engine 221 

cooling circuit. ORC systems consist of a classical Rankine cycle operating with an organic 222 

fluid, that, despite some disadvantages (toxicity, flammability and high cost), guarantees 223 

attractive properties such as low critical temperature, high latent heat of evaporation and high 224 

molecular weight [17]. Moreover, it is characterized by easy construction and installation, 225 

reliability, easy maintenance, cost-effectiveness [18] and easy integration with other 226 

technologies [19, 20] in integrated polygeneration plants system [21]. For these reasons, it can 227 
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be considered one of the best technologies to exploit low-medium temperature thermal cascades 228 

[22, 23] and low-medium enthalpy renewable energies, including geothermal one [24-26] and 229 

biomass [27, 28]. Moreover, application can be multiple, such as domestic [29] and district 230 

heating [30]. In fact, considering manufacturer data [31, 32] latest plants installations all over 231 

the world [33, 34], modern ORC modules can operate at heat source temperatures ranging 232 

between 80 – 300 °C [35, 36], with a First Law efficiency ranging between 5 - 30 % and a 233 

Second Law efficiency in the range 20 - 54 % [37-39]. Among the multiple working fluids 234 

suitable for ORCs, for low temperature applications the most common ones are Pentane, n-235 

Pentane, Siloxane, R134a and R245fa, which is more suitable for temperature up to 160 °C [40, 236 

41]. 237 

Nowadays, the use of ORC technology for WHR from ICE has been widely investigated, 238 

both in residential applications [42-44] and in the automotive sector [45-48]. The electrical 239 

output of small-scale ORC systems is in the range of 5.00-200 kWel. Actually, the specific ORC 240 

investment costs, ranging between 1.10 k€ and 7.40 k€, strictly depends on the project type 241 

(layout complexity, power output) and on the specific thermal resource to be exploited [49]. 242 

In ref. [50], authors presented a mathematical model and an optimization procedure of a 243 

simple layout system, composed by a small scale ICE coupled with an ORC bottoming cycle 244 

fed with the engine exhausts. Under the set constraints, among the available organic working 245 

fluids, the R245fa represented the best option, with a first law efficiency of 10% and an exergy 246 

efficiency of 30%.  247 

On the basis of such findings, an experimental campaign on this small-scale apparatus, 248 

with the ICE running at different engine loads (brake power between 50 and 110 kW), resulted 249 

in a quite constant thermodynamic efficiency of 10%, while the exergy efficiency ranged 250 

between 19 - 30 % with a direct power of 2.00-2.50 kW [51].  251 

In ref. [52], authors presented interesting analyses of a CHP plant based on a updraft 252 

gasifier combined with an external combustion chamber and an ORC module. The gasification 253 

products are exploited for drying process and burnt in the external combustion chamber. Flue 254 

gases indirectly power the ORC module through thermal oil. As reported by the authors, one of 255 

the advantages of such system lies in the possibility of avoiding any cleaning and cooling 256 

process of the producer gas as it is directly burnt in the combustion chamber. Other advantages 257 

are represented by the possibility to process biomass with high ash content and high moisture. 258 

The syngas obtained has a suitable Lower Heating Value (LHV) equal to 4.60 MJ/kg. The 259 

ORC module, using Toluene as working fluid, showed an efficiency equal to 18.6%. The CHP 260 

layout produced 93.8 kWel of net electric power and 412 kWth of thermal power and it is 261 

characterized by 58.4% of first law efficiency. 262 

Another compelling analysis is presented in [53], where authors report a technical 263 

assessment of a CHP plant based on a bubbling fluidized bed (BFB) gasifier coupled with an 264 

ORC module. The case study is based on real data of a small-scale pilot demonstrator. Main 265 

findings suggest that a large-scale system could be sustainable only in the case of fed-in tariffs 266 

and of integration into the waste management system. The strength lies in the large amount of 267 

landfill space saving and related economic valorisation.  268 

In [54], a very interesting thermodynamic modelling, an economic assessment and 269 

comparison of three small-scale power plants layouts based on a downdraft gasifier integrated 270 

with an ICE and a ORC bottoming cycle are proposed. In particular, the first configuration is 271 

based on the simple ICE-ORC integration presented in [55]. In the second configuration, the 272 

ORC module is indirectly powered by thermal oil, which is heated in a two-steps phase by the 273 

exhaust gases from the ICE and by the hot syngas exiting the fixed bed reactor. Moreover, a 274 

preheating process in the ORC cycle through the ICE cooling water is considered. In the third 275 

configuration, a double cascade ORC module is proposed, which is composed of two closed 276 

loops using two different working fluids: R123 for the topping cycle and R245fa for the 277 
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bottoming one. Similarly, a preheating process in the bottoming cycle through ICE cooling 278 

water is considered. 279 

In the present work, a thermodynamic modelling, an exergetic analysis and an economic 280 

assessment of a CHP system designed for a real rice husk dryer system placed in Taiwan are 281 

proposed. The layout considered is aimed at maximizing the biomass exploitation for stationary 282 

power production, and it was considered within a feasibility study under a specific request of a 283 

Taiwanese private company. 284 

The system is composed by a gasification system fed with rice husk. The produced syngas 285 

feeds an ICE (topping cycle), whose cooling water powers an ORC module (bottoming cycle). 286 

The CHP unit is conceived to be integrated with the rice dryer module, even if the latter is here 287 

not simulated.  288 

The power output of the ICE is used for feeding the electricity network, whereas the 289 

power output produced by the ORC module is exploited to cover the internal plant demand.  290 

It is to be pointed out that the numerical characterization of the ICE application under 291 

biofuel feeding is a challenging task, as the properties of the biofuel resulting from the 292 

considered biomass conversion technology deeply affect the combustion efficiency of the 293 

primary conversion system. The assessed combustion models, tuned on the ground of a massive 294 

amount of experimental data for fossil fuels, often result poor in predicting the actual behaviour 295 

under biofuel feeding.  296 

Therefore, the ICE combustion efficiencies under non-conventional fuelling are here 297 

analysed through computational modeling on two different levels of detail.  298 

A numerical model of the entire system is first developed within the ThermoflexTM 299 

environment, with detailed designing of the heat exchanger performed by using the Exchanger 300 

Design & Rating environment of the AspenOne platform. The engine performances are 301 

evaluated by resorting to customized Spark Ignition (SI) ICE models available in the software, 302 

by studying how the ICE efficiencies vary with the gasifier ER, and consequently, how this 303 

influences the system outputs according to users’ energetic demand.  304 

The ICE performances are then studied through the development of a more detailed 1D 305 

model in GT-Power, optimized according to the composition of the considered gaseous fuel. 306 

This study is aimed at better quantifying the engine derating in non-conventional conditions, 307 

by comparing the engine performances under a stoichiometric mixture of air and Natural Gas 308 

(NG) with the ones relevant to syngas feeding, deriving from rice husk gasification at different 309 

values of the gasifier Equivalence Ratio (ER). 310 

Finally, on the basis of the achieved results, an exergetic analysis is proposed, while an 311 

economic analysis, aimed at the correct evaluation of the simple payback period is developed, 312 

where the economic specific cost functions are considered referring to the Taiwanese market. 313 

 314 

2. THE ENERGY SUPPLY AND DEMAND SCENARIO IN TAIWAN: A REVIEW 315 

 316 

Taiwan is located in the southeastern rim of Asia, facing the Pacific Ocean in the east and 317 

the Taiwan Strait in the west [56]. Taiwan is a densely populated island, with a population of 318 

over 23.4 million and with only limited natural resources, as over 97% energy supply must 319 

depend on oversea imports.  320 

In Taiwan, the total energy consumption has greatly grown over the past two decades, 321 

going from 69.18 million kilolitres of oil in 1996 to 116.81 million in 2016. 322 

Classified by energy form, coal contributed to 29.36% in 2016, oil constituted 48.93%, 323 

natural gas shared 13.66%, biomass and waste accounted for 1.12%, hydro power provided 324 

0.43%, nuclear power provided 6.25%, solar power, geothermal, wind and biogas power 325 

provided 0.17%, and solar thermal the 0.08% (Figure 1.a). Electricity production grew from 326 
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142.0 TWh in 1996 to 264.1 TWh in 2016, an average annual increase of 3.15%. Of the total 327 

electricity production in 2016, the hydro power of Taiwan Power Company comprised 3.67%, 328 

thermal power 52.69% (coal shared 24.71%, oil 3.96%, LNG 24.02%), nuclear power 11.99%, 329 

wind power and solar photovoltaic 0.25%, cogeneration 14.56%, and IPP 16.85% (Figure 1.b) 330 

[57]. 331 

 332 

a) b) 333 

Figure 1. a) Classification of energy supply in 2016, b) total electricity production in 334 

2016 [57]. 335 

 336 

The reserves of renewable energies in Taiwan are 76.48 GW of solar energy, 77.5 GW of 337 

wind power, 5.08 GW of biomass, 8.44 GW of ocean energy, 0.7 GW of geothermal and 25.7 338 

GW of hydropower. The total RE reserve is 193.9 GW, which is 4 times of 48.7 GW, the 339 

national power capacity in 2015 [58]. 340 

As shown in Table 2, the total reserves of biomass energy can be obtained by orderly 341 

aggregating the energies from the three categories: first generation of biomass crops, urban 342 

waste, and wastes of agriculture and forestry. The reserves of biomass in Taiwan can provide 343 

Taiwanese with energy of 38,197.25 GWh/year, equivalent to the electric power of 15,278.90 344 

GWh/year. 345 

 346 

Table 2. Assessment of the total reserves of biomass energy in Taiwan [58]. 347 

Typology biomass Reserves (GW) Equivalent Power (GWh/year) 

Biomass Crops 0.86 3,022.2 

Urban waste 1.07 1,208.88 

Wastes of Agriculture and Forestry 3.15 1,1047.82 

Total Potential 5.08 15,278.90 

 348 

 349 

The main biomass energy resources are landfill gas and waste incineration, which have 350 

total electricity generation capacity of 629.1 MW (at the end of 2015) in more than 70 installed 351 

sites. Currently, the installed biomass power is 740 MW in Taiwan, with 625 MW from 352 

municipal solid waste incineration, 19 MW from biogas, and 97 MW from waste of industry 353 

and agriculture [58]. Nowadays, the most developed current applications that employ biomasses 354 

are based on BFB or Circulating Fluidized Bed (CFB) CHP boilers, BFB boilers and Stoker 355 

steam boilers, only fuelled with Refuse Derived Fuel (RDF) or with a RDF-coal mix. 356 

In this contest, Taiwanese government is pushing more and more on renewables 357 

exploitation, since the island imports the 98.7 % of its energy request [59]. Latest Taiwanese 358 

approved energy program defines the strategy outlines of renewables and the fee-in tariffs 359 
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mechanism development. The main goal is targeting the renewables power generation to 17.25 360 

GW at the end of 2030. In particular, target for biomass is fixed at 950 MW [60], with municipal 361 

waste exploitation up to 750 MW, industrial waste up to 43 MW, biogas production up to 26 362 

MW and agricultural waste up to 131 MW [59]. 363 

3. SYSTEM LAYOUT AND SIMULATION MODELS 364 

The here considered CHP system fuelled with syngas from the gasification of rice husk 365 

is analysed within the ThermoflexTM environment, a thermal engineering software usually 366 

employed by power and cogeneration industries. ThermoflexTM owns a broad library of working 367 

mediums (gases, fuels, refrigerants, etc.) and both pre-built and user-customized commercial 368 

power plants, as gas turbines and ICEs. SI engines in ThermoflexTM are supposed to be natural 369 

gas fuelled and each pre-built model is characterized by default values of power output, 370 

electrical efficiency (hence fuel power input) and flue gas mass flow rate. Therefore, if the 371 

engine is fed with a low Lower Heating Value (LHV) fuel instead of methane, and thus a higher 372 

mass flow rate of this fluid is required, the software automatically lowers air input to 373 

compensate the related increase, keeping the gas mass flow rate constant and always yielding 374 

the same power with the same efficiency. This last is a quite strong assumption, as demonstrated 375 

by ref. [61]. Therefore, in a first step, a customized ICE model in ThermoflexTM is preferred, 376 

as it gives the possibility to evaluate the variation of power output with the primary energy 377 

content given by the fuel. Indeed, based on the assumption of [62], a certain size ICE is roughly 378 

characterized by the same gas mass flow (if the same power output is considered) under both 379 

natural gas and syngas feeding. Methane-fed ICEs models in ThermoflexTM can be suitably 380 

used to assess the engine performances in case of syngas fuelling. 381 

The considered layout of the here analysed system is shown in Figure 2. Dried biomass 382 

and air enter the gasifier; the raw syngas is cleaned through a scrubber and a separator before 383 

fuelling the ICE. 384 

The gasifier is based on a thermo-chemical process which converts biomass through 385 

partial oxidation into a fuel gaseous mixture (syngas), mainly consisting of H2, CO, CH4, CO2 386 

and N2. 387 

The syngas needs to be cleaned in order to remove tars and inorganic compounds before 388 

being sent to the ICE, whose heat to electric output ratio is typically 2:1. 389 

Before the cleaning, the syngas temperature is decreased (down to 350°C) and the 390 

sensible heat transfer in the heat exchanger HE1 is used to warm up the air for the drying 391 

section. Since syngas fuel is not enough to heat the air for the drying process of the mass flow 392 

rate of rice indicated by the Taiwanese plant owner, another heat exchanger HE2 is employed 393 

to recover heat from the exhausts exiting the ICE. Both the HE1 and HE2 are co-axial plate-fin 394 

compact heat exchangers. Pressure drop are neglected in both the exchangers. 395 

The ICE cooling circuit is used as hot source in the evaporator of the ORC. R245fa is 396 

used as working fluid. Cooling water temperature variation is fixed from 82°C to 92°C. Pressure 397 

levels are also fixed at 8 bar for evaporation and 2.5 bar for condensation. The cooling water at 398 

the condenser varies between 20°C and 30°C. The generator efficiency is fixed at 95%. 399 

Electricity produced by the ORC module is supposed to be used for self-consumption and 400 

cover all the system plants requirements, while the electricity produced by the ICE is sold in 401 

the network. 402 

Biomass feeding the gasifier is generally pre-treated by a drying process, aimed at 403 

reducing the initial moisture content of the biomass. This pre-treatment increases the conversion 404 

efficiency of gasification, leading to a syngas with higher LHV content. However, in this 405 

analysis the drying system is not simulated: a fixed desiccant flow rate equal to 450 m3/min at 406 

a minimum temperature of 120 °C is supposed to dry 9000 kg/h of paddy, with an initial 407 

moisture content of 26%. This allows feeding the gasifier with a constant mass flow rate of 0.5 408 
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kg/s of rice husk biomass, with 15% of moisture content. The operative equivalence ratio of the 409 

gasifier is equal to 0.3, as it is a classical condition for gasification. The biomass composition 410 

in terms of ultimate and proximate analysis, as derived by the Thermoflex model, is shown in 411 

Table 3. 412 

 413 

 414 
Figure 2. System layout. 415 

 416 

Table 3. Biomass ultimate and proximate analysis on dry basis (db) and dry ash free basis 417 

(daf). 418 

 db % [w/w] daf %[w/w] 

VM (Volatile Matter) 54.4 68.5 

FC (Fixed Carbon)  25.0 31.5 

Ashes  20.6  

C  31.4 39.6 

H 4.76 6.00 

O  42.6 53.7 

N  0.560 0.700 

LHV [MJ/kg] 12.4 15.6 

HHV [MJ/kg] 13.4 16.8 

 419 

 420 

The model of the gasifier used for the present layout needs the solid biomass and 421 

oxidizing air as input, while the raw syngas composition, temperature of gasification and the 422 

slag (this last composed of residual charcoal and ashes) are the main outputs. The reliability of 423 

the gasifier model chosen in ThermoflexTM is preliminary assessed considering different initial 424 

biomasses, such as rubber wood [63], treated wood [64] and sawdust [65], and by comparing 425 

the syngas composition with experimental measurements and numerical results obtained using 426 

an optimized 0D thermo-chemical equilibrium model [66]. Details about the biomass ultimate 427 

and proximate analyses may be found in [66], while results of the comparison in terms of 428 

species volumetric fraction and gasification temperature are reported in Figure 3. The 429 

simulation results in Thermoflex™ refer to full-load steady conditions.  430 

 431 
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(a) (b) 432 

(c) (d) 433 

Figure 3. Comparison between experimental measurements, numerical results of both the 434 

optimized equilibrium model and the ThermoflexTM model in terms of volumetric syngas 435 

compositions for a) rubber wood, b) sawdust, c) treated wood and d) gasification temperature. 436 

 437 

3.1. Engine Model and its customization for syngas use 438 

As already said, the definition of the engine operating parameters in the ThermoflexTM 439 

environment is performed through the implementation of an engine user-defined configuration, 440 

allowing to properly characterise the generation system considered without necessarily having 441 

to resort to one of the predefined models present in the vast software library. However, SI ICEs 442 

in ThermoflexTM are designed for natural gas combustion, and the evaluation of the 443 

performances under syngas fuelling are based on the assumptions that the engine is roughly 444 

characterized by the same gas mass flow rate. This assumption, also made by Carrara [62], is 445 

based on the hypothesis that the same engine power output is taken into account. Indeed, this 446 

goal was fulfilled by feeding the engine with natural-gas under lean burn charge, while syngas 447 

combustion occurred under stoichiometric conditions [62]. 448 

In the present analysis, a precise evaluation of the engine performances is fundamental to 449 

assess how the ICE efficiencies vary with the gasifier ER (thus, with the syngas composition), 450 

and how this reflects on the system outputs according to the users’ energetic demand. 451 

Therefore, a more detailed analysis of the influence of fuel composition on engine 452 

performances can be performed through the development of a dedicated engine numerical 453 

model. In this perspective, 1D modelling approaches are a good way to assist the development 454 

process of engines, primarily due to their very low computational effort and satisfying accuracy 455 

[67]. The use of 1D models requires detailed design information of the simulated engine and of 456 

the fuel combustion properties and setting-up empirical relations and coefficients to be assessed 457 

in a relatively labour-intensive verification with experimental data. In particular, GT-Power 458 

[68] flow model involves the solution of the Eulerian equations, namely the solution of the 459 

equations of conservation of continuity, momentum and energy in one dimension and in the 460 

absence of viscosity (ideal case).  461 

As the most of commercial ICEs for stationary energy production are modular 462 

configurations, a preliminary analysis is performed to study a single-cylinder engine fuelled 463 

with natural gas under stoichiometric charge. The GT-Power model developed is shown in 464 

Figure 4: the model is initialized in the env-inlet-1 component according the initial conditions 465 

reported in Table 4, while the geometrical data are specified in the cylinder1 and Engine blocks. 466 
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As a first assessment, the length of each intake and exhaust ducts is chosen from the examples 467 

available in the software, and properly scaled according to the dimensions of the cylinder.  468 

The predictive turbulent combustion model EngCylCombSITurb is chosen to reproduce 469 

the combustion occurring under both natural gas and syngas fuelling, since it gives the 470 

possibility of evaluating the influence of variation in the composition of the fuel gas. 471 

 472 

 473 
Figure 4. GT-Power model of the JMS 320 GS-C04 single cylinder. 474 

 475 

 476 

Table 4. Initial conditions considered for the 1D simulation 477 

Mixture P = 2 bar; T = 313.15 K 

RPM 1500 

Spark Timing Between 20° and 5° BTDC 

Wall Temperature Head=550 K; Piston=590 K; Cylinder=450 K 

 478 

In particular, referring to Eq. 1, the dependency of the laminar flame speed to the 479 

combustion parameters is expressed as: 480 

 481 

SL = [Bmax + Bφ ∙ (φ − φmax)2] ∙ (
Tu

Tref
)

α

∙ (
p

pref
)

β

     (1) 482 

 483 

where 𝐵𝑚𝑎𝑥 is the maximum laminar flame speed achieved at the equivalence ratio 𝜑𝑚𝑎𝑥, 484 

𝐵𝜑 is the roll-off value, while α and β indicate the growth/decrease of the laminar flame speed 485 

respectively with temperature and pressure. These parameters are set equal to the default values 486 

in the case of natural-gas fuelling, while for syngas-fed operations, they are tuned following the 487 

approach of Hernandez et al. [70], where validated correlations were obtained according to the 488 

producer gas composition and producer gas/air equivalence ratio.  489 

The description of the in-cylinder geometry for the flame and wall interaction is also 490 

necessary, while the sub-model chosen to describe the wall heat transfer is the classical 491 

Woschni model [71] that in the present simulation is used with the default tuning parameters. 492 

 493 

Subsequently, a multi-cylinder configuration is taken into account, considering an inline 494 

six-cylinder engine analysed under the same operative conditions discussed before. The aim of 495 

this study is to quantify the influence on the engine performances of the air pressure pulses that 496 

derive from the interaction of all the cylinders. Indeed, the airflow to each cylinder of a multi-497 

cylinder engine, even under steady operating conditions, is not identical. This is due to 498 

differences in runner and branch length and other fluid dynamic details of the flow path to each 499 

cylinder, and the extent of these with respect to the average flow varies significantly with engine 500 

speed and load [72].  501 

Finally, in the last part of the thermodynamic analysis, the engine performances are 502 

evaluated under syngas fuelling, obtained from gasification of rice husk under different gasifier 503 

equivalence ratio (ER). The results obtained lead to reliable quantifications of the power 504 

derating produced by the engine under non-conventional feeding with respect to the previous 505 
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formulation achieved within ThermoflexTM, thus allowing a proper assessment of the exergetic 506 

and economic efficiencies of the proposed CHP layout. 507 

 508 

4. EXERGETIC ANALYSIS 509 

 510 

Since chemical process are involved, particular attention must be paid in the definition 511 

and calculation of the exergy of the considered material streams. 512 

In the case of liquid water and neglecting the potential and kinetic energy, the total exergy 513 

is only represented by the physical exergy of the material stream. 514 

 515 

Eẋwater = h −  h0 −  T0 ∙ (s − s0) (2) 

 516 

where h and s are respectively the enthalpy and entropy variations with respect to their 517 

value at dead state. As regards the biomass exergy, the simplified formula presented in [75], 518 

and reported in Eq. (3) is used. 519 

 520 

exrice husk = 1812.5 + 295.606 ∙ C + 587.354 ∙ H + 17506 ∙ O + 
(3) 

+ 17735 ∙ N + 95615 ∙ S − 31.8 ∙ A 

 521 

where capital letters indicate the content of all the elements expressed in wt%, as db 522 

obtained by the ultimate analysis plus the ash content. 523 

Such formula derives by statistical data comparison, which suggest that chemical exergy 524 

related to ash and the exergy related to the oxygen reacting with inorganic matter can be 525 

neglected. Moreover, authors successfully compare results with the method by Szargut and 526 

Styrylska [76], founding a good level of accuracy. 527 

The syngas is considered as a mixture of ideal gases. The total exergy is given by the sum 528 

of the physical and chemical contributions. 529 

The complete expression of physical exergy of a gaseous substance, once the 530 

thermodynamic parameters T0 and p0 at dead state are assessed, is a function of the absolute 531 

temperature of the considered stream and of the partial pressure of the ith substance pi: 532 

 533 

exph,i =  cp,i ∙ (T −  T0) − T0 ∙ cp,i ∙ ln
T

T0
+ RT0ln

pi

p0
 (4) 

 534 

As shown, global exergy destructions 0 iT S  is given by the sum of the term related to 535 

temperature difference and the one related to the mixing effect of each mixture component. 536 

Consequently, the chemical exergy is only given by the standard chemical exergy exch,st,i. 537 

Finally, the global exergy flux of a gaseous mixture stream is given by the sum of the 538 

terms related to each substance: 539 

 540 

Eẋtot =  ṅtot  ∑ xi
i

 (exph,i + exch,i) (5) 

 541 

The exergy balances have been written both for all components and for all the system. 542 

For the sake of brevity, only the main balances and the efficiency definitions are here reported. 543 

Considering the whole plant, global exergy balance and global efficiency are: 544 

 545 
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Eẋrice husk + Eẋhot air,gas in + Eẋdes,in + Eẋcool,w,ORC,in = ṖICE + Eẋdes,out +

 + Eẋ
cool,w,ORC,out +  Eẋexh + Eẋash + EẋChar,Tar,Res + Eẋdestr 

(6) 

 546 

Global exergy efficiency is defined as the ratio between the exergy product and the exergy 547 

fuel: 548 

 549 

ηtot =  
PTOT

FTOT
=  

ṖICE + ∆Eẋdes

Eẋrice husk

 (7) 

 550 

In particular, the exergy product is represented by the sum of the electrical power 551 

produced by the ICE and the exergy variation of the desiccant flow, while the exergy fuel is 552 

given by the biomass exergy. Exergy related to the hot air entering the gasifier, the exergy 553 

related to ashes, char, tar and residual are here neglected. 554 

Considering the main components, namely the gasifier, the ICE and the ORC, the exergy 555 

balances and efficiencies are: 556 

 557 

 558 

Gasifier:  

Eẋrice husk =  Eẋsyn + Eẋdestr,gas (8) 

ηgas =  
Pgas

Fgas
=  

Eẋsyn

Eẋrice husk

 (9) 

ICE1:  

Eẋsyn + Eẋcool,w,ICE,in = ṖICE + Eẋexh,ICE + Eẋcool,w,ICE,out + Eẋdestr,ICE (10) 

ηICE,I =  
PICE,I

FICE,I
=  

ṖICE

EẋICE

 (11) 

ICE2:  

Eẋsyn + Eẋcool,w,ICE,in = ṖICE + Eẋexh,ICE + Eẋdes,HE2,out + 

+Eẋcool,w,ICE,out + Eẋdestr,ICE 
(12) 

ηICe,II =  
PICE,II

FICE,II
=  

ṖICE +  ∆Eẋdes,HE2

Eẋsyn

 (13) 

ORC:  

Eẋcool,w,ICE,out + Eẋcool,w,ORC,in = ṖORC + Eẋcool,w,ICE,in + Eẋcool,w,ORC,out + 

+Eẋdestr,ORC 
(14) 

ηORC =  
PORC

FORC
=  

ṖORC

Eẋcool,w,ICE,out − Eẋcool,w,ICE,out

 (15) 

 559 

 560 

As shown, two definitions of the exergy balance and efficiency regarding the ICE are 561 

reported. In fact, depending on the considered control volume, the definition of the exergy 562 

product and of all involved material stream changes. 563 
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In the first case, the control volume taken into account is properly the ICE, thus the exergy 564 

product is only represented by the power output, while the variation of exergy of the cooling 565 

water represents the residual exergy. 566 

In the second case, since the desiccant flow is first heated through the exhaust gases, the 567 

considered control volume is the sum of the ICE and the HE2 heat exchanger. Consequently, 568 

the exergy product is related both to the power output and to the variation of the desiccant flow 569 

at the HE2. 570 

 571 

 572 

5. ECONOMIC ANALYSIS 573 

 574 

The profitability (Eq. 16-24) of the system is assessed by estimating the Simple Pay Back 575 

(SPB), the Net Present Value (NPV) and the Profit Ratio (PR). 576 

The SPB is expressed by the ratio between the total investment cost J tot and the sum of 577 

operating costs and economic savings, once a traditional biomass butch dryer is considered as 578 

reference technology. The total investment cost of the drying retrofitting is trivially given by 579 

the sum of the gasifier JGas [73], of the ICE cost JICE [74], the ORC cost  JORC [49]and the heat 580 

exchangers HE1 and HE2, JHE [75]. The yearly economic savings are represented by the sum 581 

of the revenue Rel,sell related to the selling of net electricity supplied (Eel,net) [76], to the avoided 582 

cost of electricity purchase, Rel,av.purch. [76], to the avoided cost of thermal energy of the desiccant 583 

current Rth,av., and to the avoided cost of rice husk disposal Rdisp,av (whose specific cost is 584 

assessed basing on the information provided by managers and stakeholders operating in this 585 

field). The yearly operational costs are given by the Operation&Maintenance costs CO&M 586 

(assumed as the 5.00% of the total investment cost) and by the cost of ash disposal Cash,disp [77]. 587 

The NPV is presented by assuming that the total yearly revenue Rtot is constant throughout 588 

the lifetime of the system (which is set equal to 20 years) and the Interest Rate a is equal to 5%. 589 

The PR is calculated as the ratio between the NPV and the total plant investment J tot, as 590 

reported in eq. (24) 591 

Parameters used in the analysis are reported in Table  592 

 593 

 594 

Table 5. Main parameters of the economic analysis. 595 

Input Parameter Value 

Specific cost of gasifier CGas 5000 €/kW 

Specific cost of ICE CICE 1400 €/kW 

Specific cost of ORC CORC 4000 €/kW 

Incentive price of electricity (DM 06/2016) Csell 0.14 €/kWh 

Purchase price of electricity Cpurch 0.06 €/kWh 

Specific disposal cost of rice husk Cdisp.husk 200 €/ton 

Specific cost of natural gas Cnat.gas [78] 0.400 €/Sm3 

LHV natural gas 34.5 MJ/ Sm3 

Specific disposal cost of ash Cdisp.ash 100 €/ton 

Yearly hours of operation 2080 h 

Conventional combustion chamber efficiency ηCC 97.0% 

Interest rate a 5.00% 

Lifetime N 20 years 

 596 

 597 
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SPB =  
Jtot

Rtot − Ctot
 (16) 

Rtot = Rel,sell + Rel,av.purch. + Rth.av. + Rdisp.av. − CO&M − Cash.disp.  (17) 

{

Jtot = JDry + JGas+ICE + JORC + JHE

JGas+ICE = Ṗnom.ICE ∙ cGas+ICE

JORC = Ṗnom.ORC ∙ cORC

 (18) 

Rel,sell = Eel,net ∙ csell (19) 

Rel,av.purch. = Eselfcons ∙ cpurch (20) 

{
Rdisp.av. = mhusk ∙ cdisp.husk

cdisp.ash = mash ∙ cdisp.ash
 (21) 

AF =  
1

a
 × (1 −  

1

(1 + a)N
) (22) 

NPV =  (Rtot − Ctot) ∙ AF − |Jtot| (23) 

PR =  
NPV

Jtot
 (24) 

 598 

 599 

6. RESULTS AND DISCUSSION 600 

 601 

As discussed in the Taiwan is located in the southeastern rim of Asia, facing the Pacific 602 

Ocean in the east and the Taiwan Strait in the west [56]. Taiwan is a densely populated island, 603 

with a population of over 23.4 million and with only limited natural resources, as over 97% 604 

energy supply must depend on oversea imports.  605 

In Taiwan, the total energy consumption has greatly grown over the past two decades, 606 

going from 69.18 million kilolitres of oil in 1996 to 116.81 million in 2016. 607 

Classified by energy form, coal contributed to 29.36% in 2016, oil constituted 48.93%, 608 

natural gas shared 13.66%, biomass and waste accounted for 1.12%, hydro power provided 609 

0.43%, nuclear power provided 6.25%, solar power, geothermal, wind and biogas power 610 

provided 0.17%, and solar thermal the 0.08% (Figure 1.a). Electricity production grew from 611 

142.0 TWh in 1996 to 264.1 TWh in 2016, an average annual increase of 3.15%. Of the total 612 

electricity production in 2016, the hydro power of Taiwan Power Company comprised 3.67%, 613 

thermal power 52.69% (coal shared 24.71%, oil 3.96%, LNG 24.02%), nuclear power 11.99%, 614 

wind power and solar photovoltaic 0.25%, cogeneration 14.56%, and IPP 16.85% (Figure 1.b) 615 

[57]. 616 

 617 



17 

 

a) b) 618 

Figure 1. a) Classification of energy supply in 2016, b) total electricity production in 619 

2016 [57]. 620 

 621 

The reserves of renewable energies in Taiwan are 76.48 GW of solar energy, 77.5 GW of 622 

wind power, 5.08 GW of biomass, 8.44 GW of ocean energy, 0.7 GW of geothermal and 25.7 623 

GW of hydropower. The total RE reserve is 193.9 GW, which is 4 times of 48.7 GW, the 624 

national power capacity in 2015 [58]. 625 

As shown in Table 2, the total reserves of biomass energy can be obtained by orderly 626 

aggregating the energies from the three categories: first generation of biomass crops, urban 627 

waste, and wastes of agriculture and forestry. The reserves of biomass in Taiwan can provide 628 

Taiwanese with energy of 38,197.25 GWh/year, equivalent to the electric power of 15,278.90 629 

GWh/year. 630 

 631 

Table 2. Assessment of the total reserves of biomass energy in Taiwan [58]. 632 

Typology biomass Reserves (GW) Equivalent Power (GWh/year) 

Biomass Crops 0.86 3,022.2 

Urban waste 1.07 1,208.88 

Wastes of Agriculture and Forestry 3.15 1,1047.82 

Total Potential 5.08 15,278.90 

 633 

 634 

The main biomass energy resources are landfill gas and waste incineration, which have 635 

total electricity generation capacity of 629.1 MW (at the end of 2015) in more than 70 installed 636 

sites. Currently, the installed biomass power is 740 MW in Taiwan, with 625 MW from 637 

municipal solid waste incineration, 19 MW from biogas, and 97 MW from waste of industry 638 

and agriculture [58]. Nowadays, the most developed current applications that employ biomasses 639 

are based on BFB or Circulating Fluidized Bed (CFB) CHP boilers, BFB boilers and Stoker 640 

steam boilers, only fuelled with Refuse Derived Fuel (RDF) or with a RDF-coal mix. 641 

In this contest, Taiwanese government is pushing more and more on renewables 642 

exploitation, since the island imports the 98.7 % of its energy request [59]. Latest Taiwanese 643 

approved energy program defines the strategy outlines of renewables and the fee-in tariffs 644 

mechanism development. The main goal is targeting the renewables power generation to 17.25 645 

GW at the end of 2030. In particular, target for biomass is fixed at 950 MW [60], with municipal 646 

waste exploitation up to 750 MW, industrial waste up to 43 MW, biogas production up to 26 647 

MW and agricultural waste up to 131 MW [59]. 648 

SYSTEM LAYOUT AND SIMULATION MODELs section, the reliability of the 649 

gasifier model of ThermoflexTM is preliminary assessed by comparing the syngas composition 650 
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of different biomasses obtained using an optimized 0D thermo-chemical equilibrium model 651 

with experimental measurements and numerical results  652 

A cleaning section downstream of the gasifier is generally present in the majority of the 653 

real configurations. However, the produced syngas exiting the gasifier is actually modelled as 654 

already clean, being composed only by CO, CO2, CH4, H2, N2 as shown in Table 6. Thus, the 655 

devices dedicated to syngas cleaning are considered to evaluate the correct power consumption 656 

of the whole system and, in case of scrubbing, determine a syngas moisture variation (which is 657 

always completely removed at the end of the treatment chain).  658 

For a gasification ER of 0.3, the ICE power output is 1150 kWel with an electrical 659 

efficiency equal to 27.9%. The heat recovery allows the air for the dryer to reach a final 660 

temperature of 124 °C. As regards the ORC, it produces 76.3 kWel and it works with a thermal 661 

efficiency equal to 6.5% that remains unchanged by varying the ICE power output, since the 662 

pressure levels are supposed to be maintained constant, than the specific enthalpy variations are 663 

constant and only the mass flow-rate changes. 664 

 665 

 666 

 667 

Table 6. Syngas species composition on daf basis obtained from rice husk gasification, 668 

expressed as volume [v/v] and mass [w/w] fractions. 669 

 % [v/v] % [w/w] 

CO  22,6  26,8  

CO2  13,8  25,7  

H2  25,6  2,20  

CH4  6.00×10-4  4.00×10-4 

N2  38,1  45,3  

 670 

 671 

A parametric study is proposed with respect to the power output by the engine and the 672 

ORC by varying the ER of the gasifier in the range of 0.2 - 0.4, and by keeping constant the 673 

biomass flow rate, the dryer air flow rate and the ORC operative parameters. The main results 674 

of the parametric analysis are shown in Figure 5. 675 

As the equivalence ratio of the gasifier increases, a reduction of CH4, H2 and CO is 676 

achieved (Figure 5.a), leading to a reduction of the related syngas LHV and to an increase of 677 

the gasification temperature (Figure 5.b), as a consequence of the operative conditions that are 678 

approaching the stoichiometric one. This reflects on the useful power of the ICE that reduces 679 

due to the lower primary energy content of the syngas, as well as on the thermal energy of the 680 

exhaust gases (Figure 6.a). The reduction of the ICE electrical efficiency is accompanied by an 681 

increase of the thermal energy content of the exhaust gases (Figure 6.a). The ORC system, 682 

working at the same efficiency, produces less electrical power as the gasifier equivalence ratio 683 

increases, due to a reduction in the flow rate of the working fluid (Figure 6.b).  684 

Finally, in Figure 6.c the trend of temperatures is reported. The air that is supposed to 685 

enter the dryer increases from 83.5 °C to 162.4 °C thanks to the heat transfer that occurs in the 686 

two heat exchangers: the increase in the syngas temperature has a stronger effect with respect 687 

to the slight reduction that occurs in the exhaust gases energy.  688 

Once the system is analysed by the thermodynamic point of view, a detailed designing of 689 

all the heat exchangers is performed in the Exchanger Design&Rating environment of 690 

AspenOne platform. Results are reported in Table 7. 691 

 692 
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(a) (b)  693 

Figure 5. Trends as a function of the gasifier equivalence ratio of a) syngas species 694 

composition, b) gasification temperature and syngas LHV. 695 

 696 

 697 

(a) (b) 698 

(c) 699 

Figure 6. Trends as a function of the gasifier equivalence ratio of a) ICE useful and thermal 700 

power, and ICE electrical and thermal efficiency, b) ORC power output and working fluid 701 

flow rate, c) exhaust gases, syngas and air dryer temperatures. 702 

 703 

 704 

Table 7. Design parameters of HE1 and HE2 heat exchangers. 705 

Geometrical feature - Standard axial flow – 

(Gasifier ER=0.3) HE1 HE2 

UA 1.60 kW/K 0.7 kW/K 

Heat transfer area 189 m2 88.7 m2 

Core length 84.1 cm 210 cm 

Core width 114 cm 106 cm 

Core depth (stack height) 63.3 cm 60.3cm 

No. of layer per exch. 63.0 60.0  

 706 
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6.1. Engine Model Optimization 707 

 708 

A more detailed analysis of the influence of fuel composition on engine performances is 709 

then performed through the development of a dedicated 1D engine numerical model in GT 710 

Power environment. 711 

The characterization of the considered engine is performed by taking information in 712 

literature about the engine characteristics, among the natural-gas fuelled systems, whose 713 

electrical power is of about 1 MW (according to the results of Figure 6.a). Therefore, a turbo-714 

charged engine JMS 320 GS-C04 [69] natural gas fuelled is considered, whose characteristics 715 

are reported in Table 8. 716 

The analysis on the engine performances under syngas fuelling lead to quantifications of 717 

the power derating with respect to the formulation of the ThermoflexTM environment, thus 718 

allowing a more precise assessment of the exergetic and economic efficiencies of the proposed 719 

CHP layout. 720 

 721 

Table 8. JMS 320 GS-C04 engine characteristics [69]. 722 

N° of cylinders 20 V70° 

Bore [mm] 135 

Stroke [mm] 170 

Displacement [dm3] 48.67 

Compression Ratio 12.5 

Mean Piston Speed [m/s] 8.5 

Electrical Power [kWel] 1063 

Recoverable Thermal Power [kWth] 1222 

Electrical Efficiency [%] 40.1 

Thermal Efficiency [%] 46.1 

 723 

 724 

6.1.1 Single-Cylinder Analysis under Natural Gas Fuelling 725 

 726 

The first analysis is focused on an engine mono-cylinder configuration. The results of the 727 

parametric study performed by varying the SOS are reported in Figure 7 in terms of brake power 728 

expressed in kW. In particular, a SOS equal to 10° BTDC gives a brake power equal to 59 kW. 729 

By considering a typical electric efficiency equal to 0.9, this result gives an electric output equal 730 

to the target one (being the nominal total power evaluated divided by the number of cylinders). 731 

Table 9 reports the main performances of the engine in this last operative condition. 732 

 733 

 734 
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 735 
 736 

Figure 7. GT-Power result of engine single-cylinder brake power as a function of the 737 

SOS under natural gas fuelling. 738 

 739 

Table 9. Main results of the single-cylinder simulation at SOS = 10° BTDC under natural gas 740 

fuelling. 741 

Indicated Mean Effective Pressure (IMEP) [bar] 21.8 

Brake Power [kW] 59 

Brake Efficiency [%] 37.52 

Exhaust Gases Power [kW] 71.8 

Exhaust Gases Efficiency [%] 45.6 

Maximum Pressure [bar] 107 

Crank Angle at Maximum Pressure [° ATDC] 19.26 

 742 

 743 

6.1.2 Six-Cylinders Analysis under Natural Gas Fuelling 744 

 745 

The simulations performed considering a six-cylinder configuration are based on the 746 

operative characteristics obtained in the previous section. As previously said, this study is aimed 747 

at quantifying the influence on the engine performances of the air pressure pulses that derive 748 

from the interaction of all the cylinders, and it is conceived to give a target electrical power of 749 

53 kW.  750 

A parametric study is performed by varying the start of spark (SOS) in a range between 751 

25° and 3° Before Top Dead Centre (BTDC), in order to achieve the produced target power. 752 

The firing order chosen is equal to 1-5-3-6-2-4. 753 

Figure 8 shows how, even under the maximum brake torque (MBT) condition (relative to 754 

a SOS of 21° BTDC), the brake power is not equal to six times the one produced by the single-755 

cylinder configuration, confirming the effectiveness of the flow interaction on the whole engine 756 

performances. This case, whose performance characteristics are reported in Table 40 Table 10, 757 

is taken into account as reference condition to the evaluation of the variation in engine 758 

performances under syngas fuelling.  759 

 760 

 761 
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 762 
Figure 8. GT-Power result of engine six-cylinder brake power as a function of the SOS under 763 

natural gas fuelling. 764 

 765 

 766 

Table 40 10. Main results of the six-cylinder simulation at SOS = 21° BTDC under natural 767 

gas fuelling. 768 

Indicated Mean Effective Pressure (IMEP) [bar] 18.6 

Brake Power [kW] 283.3 

Brake Efficiency [%] 36.4 

Exhaust Gases Power [kW] 324.3 

Exhaust Gases Efficiency [%] 41.7 

Maximum Pressure [bar] 128.6 

Crank Angle at Maximum Pressure [° ATDC] 11.6 

 769 

 770 

6.1.3 Six-Cylinders Analysis under Syngas Fuelling 771 

 772 

Lastly, the analysis is performed under syngas fuelling in the same operative conditions 773 

of the previous section. Table 11 reports the syngas species mass fractions considered for 774 

different gasifier ER according to the results of the ThermoflexTM simulation, both with the 775 

parameters values of Eq. 1 chosen to correctly describe the laminar flame speed propagation 776 

according to the producer gas composition [72]. 777 

 778 

 779 

Table 11. Syngas species mass fractions at different gasifier ER and laminar flame speed 780 

parameter. 781 

ER 0.2 0.25 0.3 0.35 0.4 

CO [w/w %] 25.19 24.02 22.98 21.2 19.54 

CO2 [w/w %] 29.80 26.70 21.86 20.20 19.40 

H2 [w/w %] 2.80 2.31 1.86 1.48 1.19 

CH4 [w/w %] 0.53 0.21 0.05 0 0 

H2O [w/w %] 10.51 11.96 13.8 14.7 15.68 

N2 [w/w %] 31.17 34.8 39.51 42.42 44.18 

LHV [MJ/kg] 3.67 3.42 3.10 2.85 2.59 

𝐵𝑚𝑎𝑥 [m/s] 0.95 0.73 0.57 0.385 0.285 

𝐵𝜑 [m/s] -2.125 -1.58 -1.162 -0.78 -0.419 

 782 
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The results of the present analysis performed at different gasifier ER are reported in Table 783 

52 Table 12. 784 

At a fixed SOS, increasing ER leads to a producer gas characterised by a lower primary 785 

energy content (lower heating value, as Figure 5.b), thus determining a lower indicated mean 786 

effective pressure and brake power produced by the engine. On the other hand, the power 787 

related to the thermal energy of the exhaust gases increases with ER.  788 

The trends seen in Figure 6.a for the engine efficiencies are thus confirmed. Nevertheless, 789 

the electric efficiency ranges between 18% and 30% (assuming a generator efficiency equal to 790 

0.9), while the thermal efficiency reaches a value equal to 63.8% for ER equal to 0.4. Obviously, 791 

each efficiency is related to a syngas primary energy content that varies according to the 792 

producer gas deriving from different values of the gasifier ER. 793 

Moreover, Figure 9 reports the evolution of the brake and thermal efficiencies with the 794 

SOS for the syngas feeding from different ER.  795 

An interesting result is the shifting of the SOS at which the maximum brake efficiency 796 

occurs as the syngas composition varies. Indeed, the reduction in the lower heating value of the 797 

gaseous fuel leads to an advancement of the SOS necessary to achieve the maximum exploitable 798 

power. 799 

The results of Figure 9 are better highlighted in Figure 10 and Figure 11, where response 800 

surface maps are drawn to report the influence of the operative SOS and gasifier ER on the 801 

engine power and efficiencies of Table 52 Table 12, these lasts expressed as a ratio with respect 802 

to the natural gas operative conditions seen in Table 40. 803 

Under syngas fuelling, the engine gives a brake power reduction ranging between the 804 

30.3% and the 64% for an ER respectively equal to 0.2 and 0.4, as a direct consequence of the 805 

lower energy content that characterises the syngas fuel with respect to the natural gas (Figure 806 

10.a). On the other hand, it is possible to achieve a 20% higher thermal power of the exhaust 807 

gases under syngas fuelling for ER of 0.4 and for advanced SOS (Figure 10.b). Same trends in 808 

the engine efficiencies can be derived from Figure 11. 809 

The results here described lead to quantifications of the power derating under non-810 

conventional fuelling. Therefore, the future assessment of the exergetic and economic 811 

efficiencies will be performed by taking into account these results of brake power produced, 812 

these lasts properly scaled to a 20 cylinders engine. 813 

 814 

Table 52 12. Main results of the six-cylinder simulation at SOS = 21° BTDC under syngas 815 

fuelling. 816 

ER 0.2 0.25 0.3 0.35 0.4 

Indicated Mean Effective Pressure (IMEP) 

[bar] 
13.40 12.85 12.32 10.06 7.88 

Brake Power [kW] 197.45 186.32 175.36 146.25 101.54 

Brake Efficiency [%] 33.19 32.56 31.39 24.8 20.8 

Exhaust Gases Power [kW] 244.91 255.65 266.56 289.67 311.86 

Exhaust Gases Efficiency [%] 46.59 47.02 47.87 54.24 63.87 

Maximum Pressure [bar] 121.37 103.85 87.93 72.59 59.79 

Crank Angle at Maximum Pressure [° ATDC] 7.53 8.65 11.65 5.32 0.61 

 817 

 818 
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a) b) 819 

Figure 9. GT-Power result of engine six-cylinder under syngas fuelling of a) brake 820 

efficiency and b) exhaust thermal efficiency as a function of gasifier ER and SOS. 821 

 822 

a) b) 823 

Figure 10. Response surface map of a) brake power and b) exhaust thermal power with 824 

respect to the value expressed in Table 10 as a function of gasifier ER and SOS.  825 

 826 

a) b) 827 

Figure 11. Response surface map of a) brake efficiency and b) exhaust thermal efficiency with 828 

respect to the value expressed in Table 10 as a function of gasifier ER and SOS. 829 

 830 

6.2 Exergetic analysis 831 

 832 
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In this section the exergetic analysis of the considered plant layout is reported and 833 

discussed. 834 

In Table 63 Table 13, main results are shown. The analysis is carried out by varying the 835 

gasifier ER from 0.2 to 0.4 with a step of 0.05 836 

 837 

 838 

Table 63 13. Exergetic analysis at different gasifier ER. 839 

 840 

ER  0.2 0.25 0.3 0.35 0.4 

Fgas [kW] 6995 6995 6995 6995 6995 

Pgas [kW] 4743 4659 4606 4529 4517 

gasη  [%] 67.8% 66.6% 65.8% 64.7% 64.6% 

FICE,II [kW] 4743 4659 4606 4529 4517 

PICE,II [kW] 656.4 619.6 582.5 486.8 338.6 

ICE,IIη  [%] 13.8% 13.3% 12.7% 10.8% 7.50% 

FORC [kW] 269.1 260.7 217.0 232.8 210.1 

PORC [kW] 83.00 80.00 76.30 72.00 65.00 

ORCη  [%] 30.84% 30.68% 35.03% 30.93% 30.94% 

Ftot [kW] 6995 6995 6995 6995 6995 

Ptot [kW] 710.1 710.0 737.9 696.3 595.1 

Rtot [kW] 802.2 792.6 739.6 758.9 706.6 

destr,tot
Ex  [kW] 5483 5493 5518 5540 5694 

totη  [%] 10.2% 10.2% 10.6% 9.95% 8.51% 

 841 

 842 

Results regarding the nominal ER, equal to 0.3, are in bold character. The total exergy of 843 

the fuel Ftot, represented by the exergetic content of the rice husk, as explained in the simulation 844 

model section, amounts to 6995 kW, while the total exergy product Ptot, given by the power 845 

output of the ICE and by the exergy variation of the desiccant flow, is 737.9 kW. Consequently, 846 

the total exergy efficiency of the whole plant ηtot amounts to 10.6%. Moreover, the total exergy 847 

residual Rtot, mainly due to the exergy flow related to the ORC cooling water and to exhaust 848 

gases exiting the plant, amounts to 739.6 kW. The total exergy destroyed to 5518 kW. It is 849 

worth noticing that the total exergy destruction does not only regard the main component here 850 

considered (gasifier, ICE and ORC), but the total plant including the heat exchangers and the 851 

component of the syngas cleaning process, namely the scrubber and the separator, which are, 852 

from an exergetic point of view, dissipative components. 853 

As regard the parametric analysis, the total exergy of the fuel does not change since the 854 

mass flow rate of rice husk and its chemical composition are constant. 855 

Considering the gasifier ER ranging between 0.2 and 0.3, the total exergy produced varies 856 

between 710.1 and 737.9 kW, presenting a maximum value for ER equal to 0.3. In fact, the 857 

lower production of electricity is balanced by the higher exergy increment of the desiccant 858 

current, characterized by a higher outlet temperature thanks to the specific operative conditions 859 

of the gasifier. 860 

The total exergy residual varies between 739.6 and 802.2 kW: this is mainly due to the 861 

variation of the mass flow rate of the exhaust gases, which presents the lower value at ER equal 862 

to 0.4. However, the decrease of residual exergy is compensated by an increase of the total 863 

exergy production and of the total exergy destruction (from 5483 to 5518 kW), thus the total 864 

exergy efficiency remains quite stable. 865 
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Indeed, the global exergy efficiency ranges between 10.2% and 10.6%, with the 866 

maximum value at ER equal to 0.3. 867 

Considering the ER ranging between 0.3 and 0.4, as this variable increases the total 868 

exergy production decreases from 737.9 to 595.1 kW: this is due to both the lower temperature 869 

of the desiccant flow exiting the plant and entering the dryer and the lower electricity 870 

production. 871 

Total exergy residuals decrease from 739.6 to 706.6 kW, as well as the total exergy 872 

products. 873 

Then the total exergy destructions increase from 5510 to 5694 kW. 874 

The global exergy efficiency presents a more marked variation, ranging from 10.6% to 875 

8.51%. 876 

 877 

 878 

6.3 Economic analysis 879 

 880 

In this section, the economic analysis is presented and discussed. 881 

In Table 74 Table 14 the main results are reported. The analysis is carried out by varying 882 

the ER from 0.2 to 0.4 with a step of 0.05. 883 

 884 

 885 

Table 74 14. Main results of economic analysis. 886 

 887 

 ER 

0.20 0.25 0.30 0.35 0.40 

Investment 

costs 

JGas M€ 5.315 5.315 5.315 5.315 5.315 

JICE M€ 1.488 1.488 1.488 1.488 1.488 

JORC k€ 320.0 320.0 320.0 320.0 320.0 

JHE k€ 89.28 89.28 89.28 89.28 89.28 

JTot M€ 7.212 7.212 7.212 7.212 7.212 

Yearly 

revenues 

Rel,sell k€ 225.4 212.8 200.2 167.0 116.0 

Rel,av.purch k€ 11.98 11.98 11.98 11.98 11.98 

Rth,av k€ 36.50 46.36 58.47 70.92 78.82 

Rdisp,av k€ 880.6 880.6 880.6 880.6 880.6 

Operational 

costs 

CO&M k€ 360.6 360.6 360.6 360.6 360.6 

Cash,disp k€ 8.986 8.986 8.986 8.986 8.986 

CTot k€ 369.6 369.6 369.6 369.6 369.6 

 RTot k€ 784.8 782.1 781.7 760.9 717.8 

SPB years 9.190 9.222 9.227 9.479 10.05 

NPV M€ 2.568 2.535 2.529 2.270 1.733 

PR % 35.61 35.14 35.06 31.48 24.03 

 888 

 889 

As shown, the economic performances are only influenced by electricity sales Rel,sell, 890 

whose production is influenced by the operative conditions of the gasifier and the ICE and by 891 

the avoided cost of thermal energy Rth,av; the other variables are kept constant. 892 

In particular, the higher is the ER, the lower is the electricity production (as shown in the 893 

thermodynamic analysis) and the related yearly revenue, which monotonically decreases from 894 

225.4 to 116.0 k€. 895 
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Conversely, the avoided cost of thermal energy increases as the Er ER increases, ranging 896 

from 35.60 to 78.82 k€: this is due to the higher temperature of the desiccant current entering 897 

the dryer and then to the higher thermal energy exploitation. 898 

Despite the increment of the avoided cost as the ER increases, the lower electricity 899 

production highly affects the total yearly revenue Rtot, which monotonically decreases from 900 

784.8 to 717.8 k€. 901 

Consequently, all the calculated economic indices, namely the SPB, the NVP and the PR 902 

get worse as the ER increases. In fact, the SPB increases from 9.19 to 10.0 years and the NPV 903 

decreases from 2.57 to 1.73 M€, which correspond a PR equal to 35.6% and to 24.0% 904 

respectively. 905 

Considering a plausible upper limit for the SPB equal to 5-6 years, the SPB obtained from 906 

the analysis is considerably higher. Similarly, considering a plausible lower limit for the PR 907 

equal to 50-60%, the PR came out from the analysis appears too low. 908 

Therefore, the economic performances of the analysed system cannot be considered 909 

satisfactory because of the higher investment costs needed for the dryer retrofitting. 910 

Finally, it is worth noticing that the best operating conditions from a thermodynamic and 911 

exergetic point of view, obtained for ER equal to 0.3, do not correspond to the operating 912 

conditions that ensure the best economic performances, that are relevant to ER equal to 0.2. 913 

 914 

 915 

CONCLUSIONS 916 

 917 

A CHP system based on the thermochemical exploitation of rice husk is analysed from a 918 

thermodynamic and economic point of view. The main power unit consists of an ICE fuelled 919 

with syngas deriving from the biomass gasification, producing electricity to be sent in the 920 

network. Moreover, ICE cooling water is exploited to fuel a bottoming ORC, whose electricity 921 

produced is used for the system self-consumption. 922 

The desiccant current for the rice drying pre-treatment is produced by exploiting in 923 

cascade the thermal energy available from the hot syngas and from exhausts. 924 

The system performances are studied through a parametric study performed as a function 925 

of the gasifier ER (between 0.2 and 0.4), keeping constant the biomass flow rate, the dryer air 926 

flow rate and the ORC operative parameters as imposed by the real rice manufacturer. 927 

As ER increases, the electric efficiency of the ICE reduces, because of the reduction of 928 

the related syngas LHV, while the thermal energy content of the exhaust gases increases due to 929 

the higher outlet temperature of the exhausts.  At nominal condition of ER equal to 0.3, the ICE 930 

power output is equal to 1150 kWel with an electrical efficiency equal to 27.9%. The heat 931 

recovery allows the air for the dryer to reach a final temperature of 124 °C. As regards the ORC, 932 

it produces 76.3 kWel and it works with a thermal efficiency equal to 6.5%. The desiccant 933 

current entering the dryer increases from 83.5 °C to 162.4 °C. 934 

The ICE power derating under non-conventional feeding (syngas fuelling) is then better 935 

assessed through the development of a more detailed 1D numerical model in GT-Power 936 

environment: the engine power reduction ranges between the 30% and the 64% for an ER 937 

respectively equal to 0.2 and 0.4. On the other hand, it is possible to achieve a 20% higher 938 

thermal power of the exhaust gases under syngas feeding for ER of 0.4 and for advanced SOS. 939 

Main findings also reveal an electric efficiency ranging between the 18% and 30% in the ER 940 

range studied, while the thermal efficiency reaches a value equal to 63.8% for an ER equal to 941 

0.4. 942 

The exergetic and economic analyses are then carried out by taking into account results 943 

from 1D simulations. At nominal operative conditions, the total exergy of fuel, represented by 944 
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the exergetic content of the rice husk, amounts to 6995 kW. The total exergy product Ptot, given 945 

by the power output of the ICE and by the exergy variation of the desiccant flow, is 738 kW 946 

and the total exergy efficiency of the whole plant ηtot amounts to 10.6%. The total exergy 947 

residual Rtot is mainly related to the ORC cooling water and to exhaust gases exiting the plant 948 

and it amounts to 740 kW. The total exergy destroyed amounts to 5518 kW, and it shows a 949 

quite stable trend with ER variations.  950 

In summary, the best operating condition from a thermodynamic and exergetic point of 951 

view is the one relevant to an ER equal to 0.3, while the best economic performances are 952 

obtained for an ER equal to 0.2. 953 

As regards the economic analysis referred to the specific case study, the main findings 954 

suggest the economic performances of the system cannot be considered satisfactory because of 955 

the high investment costs. Even changing operating conditions, the improvements are quite 956 

moderate. However, the study clearly show how use of CHP plant based on gasification process 957 

that use residual biomass (possibly in a short chain area of 70 km radius) brings an high avoided 958 

cost associated to disposal, realizing additional revenues from electric and thermal production. 959 

This aspect, that fit with circular economy concepts, will promote the use of bio-energy systems 960 

also when incentive mechanisms are lack or not yet provided or even high investment costs 961 

seem discourage the diffusion of the technologies.  962 

 963 
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