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ABSTRACT

A Combined Heat and Power (CHP) system fuelled with rice husk is analysed from the
thermodynamic, exergetic and economic point of view. The system is based on a gasification
process coupled with a rice drying system. The produced syngas is employed to power a Spark
Ignition (SI) Internal Combustion Engine (ICE) working as an electric generator, while the
jacket cooling water powers a bottoming Organic Rankine Cycle (ORC) to produce electricity
for plant self-consumption.
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A parametric analysis is carried out to investigate thermodynamic performances by
varying the gasifier Equivalent Ratio (ER): as the ER increases, the ICE produced power and
combustion efficiency decrease, while the thermal efficiency increases. However, the system is
always capable to produce power for self-consumption and the desiccant flow for drying.

The characterization of the engine is then better assessed by means of a dedicated GT-
Power engine model, optimized for syngas fuelling, revealing a power derating of the 30% with
respect to the natural-gas feeding operation.

Other main findings suggest that the global exergetic efficiency ranges between 10.6%
and 8.5%, while the economic profitability, represented by the Simple Pay Back, Net Present
Value and Profit Ratio, cannot be considered satisfactory due to the consistent investment cost.
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NOMENCLATURE

Acronyms

AF Annuity Factor [-]

BFB Bubbling Fluidized Bed

CFB Circulating Fluidized Bed

CHP Combined Heat and Power

CCHP Combined Cooling, Heat and Power

cp specific heat, [kJ/kg K], [kJ, kmol K]
daf dry ash free basis

db dry basis

ER Equivalent Ratio

EFGT Externally Fired Gas Turbine

Ex Exergy flow [kW]
ex specific exergy [kJ/kg], [k/kmol]
FC Fixed Carbon [%]

F, Exergy fuel [kW]
HE Heat Exchanger

HHV Higher Heating Value [MJ/kg]
HPR Heat to Power Ratio

ICE Internal Combustion Engine

IRR Internal Rate of Return [-]
LHV Lower Heating Value [MJ/kg]
NPV Net Present Value [€]
O&M Operational and Maintenance

ORC Organic Rankine Cycle

PHR Power to Heat Ratio

PR Profit Ratio [-]

PTC Parabolic Through Collector

P, Exergy product [kW]

P Power [KW]
Rey Exergy residual [kwW]
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RDF Refuse Derived Fuel

SPB Simple Pay Back

TES Thermal Energy Storage

VM Volatile Matter

U Overall heat transfer coefficient
VCC Vapour Compressor Cycle
WHR Waste Heat Recovery

wit weight

Latin letters

interest rate

heat transfer area
ash content

annual operational cost, specific cost
Carbon

Hydrogen
investment costs
mass flow rate
Nitrogen

lifetime

moles

molar flow rate
Oxygen

exergy product
pressure

yearly revenue
universal gas constant
specific gas constant
Sulphur

absolute temperature
temperature

molar fraction

mass fraction

water
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Greek symbols

n efficiency
Subscript

0 dead state

air air

ash ashes

av avoided

CC combustion chamber
ch chemical

cool cooling

des desiccant flow
destr destroyed

[years]

[%]
[KW/m? K]

[%]

[%0]
[years]
[kmol]
[kmol/s]
[%0]

[kW]
[bar]

[€]
[kd/kmol K]
[kJ/kg K]
[%0]

[K]

[°C]
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disp disposal

el electric, electricity

ex exergy, exergetic

exh exhaust gases

gas gasifier

HE Heat Exchanger

Hot hot

husk husk

ICE Internal Combustion Engine
in inlet

nat,gas natural gas

net net

O&M Operational and Maintenance
ORC Organic Rankine Cycle
out outlet

ph physical

purch. purchase

ricehusk rice husk

sell. selling

st standard

tot total

th. thermal

w water

1. INTRODUCTION

The last few years have been characterized by a great interest on Combined Heat and
Power (CHP) plants fuelled with biomass. This technology is emerging on the market with
promising prospects for the near future, such as residue biomass utilization in district heating
& cooling and/or in industrial or commercial activities.

CHP systems with low price and easy-to-use operation for industrial and residential end-
users are still under development. Future introduction for domestic/commercial applications
will depend on the available technologies, on the capability to achieve the requested electrical
and thermal loads and on the gas and electricity prices. These economic and technical
uncertainties curb the diffusion of micro and small CHP plants, especially in countries where
economic incentives are lack or not yet provided for bio-energy production. However authors
argue that, CHP plants able to use residual biomass as fuel in specific contexts such as small
and medium-sized enterprises, municipalities, farms, sawmills, etc., can be economically
sustainable even incentive mechanisms are lack or not yet provided. In fact, residual biomasses
that present disposal cost such as biomass from forest harvesting, biomass from communal
green areas (such as roadside greenery, greenery along railways, cemeteries, driftwood, heath
areas, residues from vegetable gardening, field vegetable residues etc.), food residues (such as
chestnuts, almond, hazelnuts, walnut, pistachio, peach, olive kernel, etc.), agricultural
biomasses (such as rice husk, etc.) exhausted olive cake, properly pre-treated, sawmill by-
products (such as sawdust, wood chips, slabs and splinters), wood shavings, carpenters, can
instead be used as raw material in order to produce electrical and thermal energy for the same
process.

In this contest, a suitable solution is represented by the exploitation of these residual
materials to generate fuels to be used in Internal Combustion Engines (ICEs), where the
utilization of biofuels appears as the most intuitive practice [1, 2], including biodiesel [3] and
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specific blends [4]. Thermo-chemical conversion through gasification for synthetic gas (or
syngas) production is considered as one of the most suitable technology for small scale CHP
systems based on the ICE technology [5, 6, 7].

ICEs also offer a great potential of Waste Heat Recovery (WHR) [8], since 30 - 40% of
the thermal energy fuel content is available at low temperature (80 - 90 °C) in the cooling circuit
while about the 30% is available at high temperature (300 - 400 °C) from the exhaust gases [8].

The disadvantages characterizing this technology (low temperature of most of the
recoverable heat, low Heat-to-Power Ratio (HPR), noxious emissions and high maintenance
costs) are perfectly compensated by a large commercial availability in terms of nominal power,
high electric efficiency (35 - 45%), low investment costs, good off-design operation, easiness
of integration with other energy sources and technologies in polygeneration systems [9, 10].
Main typical thermodynamic characteristics of such systems are summarized in Table 1 [11].

An interesting example is given in ref. [12], where authors modelled a CHP system based
on an ICE co-fired by natural gas and syngas. The waste heat from the ICE is exploited for
producing both hot water and chilled water by means of a double effect absorption chiller. The
prefeasibility analysis shows a first law efficiency of about 70.0% and an exergy efficiency of
21.9%.

Table 1. Main thermodynamic characteristics of gasifier coupled with ICE fuelled with
biomass [11].

Thermodynamic characteristics Gasifiers + ICE
Specific biomass consumption (humidity 40 %) [kg/kWhei] 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

Regarding small-scale gasification, a compact cogeneration system producing electricity
and cold/hot water (at 65 and 70 °C respectively) is analysed in [13] from an energetic and
economic point of view. The prime mover is an ICE (15 kWe, of power output) fed with wooden
gas obtained from a small-sized bed downdraft gasifier. WHR is performed by exploiting both
the jacket cooling water and the exhaust gases. The plant is characterized by a global energy
efficiency equal to 51.2%, with an electric efficiency equal to 21.4%, and a hot and cold-water
generation efficiency equal to 24.3% and 5.71% respectively.

The application of small-scale gasification in the residential field is also studied in [14],
applied to buildings configurations characterized by different energetic demands. In this
context, this solution appears not suitable due to the variability of users’ energy loads, as such
technology needs to operate in a continuous mode without any off-design or on/off operation
(e.g. as in district heating networks, where users are multiple and loads variability is mitigated
with respect to a single building configuration).

In the perspective of WHR purposes from ICE, Organic Rankine Cycle (ORC) is a smart
solution to further recover low-grade waste heat energy [15, 16], as for example from the engine
cooling circuit. ORC systems consist of a classical Rankine cycle operating with an organic
fluid, that, despite some disadvantages (toxicity, flammability and high cost), guarantees
attractive properties such as low critical temperature, high latent heat of evaporation and high
molecular weight [17]. Moreover, it is characterized by easy construction and installation,
reliability, easy maintenance, cost-effectiveness [18] and easy integration with other
technologies [19, 20] in integrated polygeneration plants system [21]. For these reasons, it can
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be considered one of the best technologies to exploit low-medium temperature thermal cascades
[22, 23] and low-medium enthalpy renewable energies, including geothermal one [24-26] and
biomass [27, 28]. Moreover, application can be multiple, such as domestic [29] and district
heating [30]. In fact, considering manufacturer data [31, 32] latest plants installations all over
the world [33, 34], modern ORC modules can operate at heat source temperatures ranging
between 80 — 300 °C [35, 36], with a First Law efficiency ranging between 5 - 30 % and a
Second Law efficiency in the range 20 - 54 % [37-39]. Among the multiple working fluids
suitable for ORCs, for low temperature applications the most common ones are Pentane, n-
Pentane, Siloxane, R134a and R245fa, which is more suitable for temperature up to 160 °C [40,
41].

Nowadays, the use of ORC technology for WHR from ICE has been widely investigated,
both in residential applications [42-44] and in the automotive sector [45-48]. The electrical
output of small-scale ORC systems is in the range of 5.00-200 kWe. Actually, the specific ORC
investment costs, ranging between 1.10 k€ and 7.40 k€, strictly depends on the project type
(layout complexity, power output) and on the specific thermal resource to be exploited [49].

In ref. [50], authors presented a mathematical model and an optimization procedure of a
simple layout system, composed by a small scale ICE coupled with an ORC bottoming cycle
fed with the engine exhausts. Under the set constraints, among the available organic working
fluids, the R245fa represented the best option, with a first law efficiency of 10% and an exergy
efficiency of 30%.

On the basis of such findings, an experimental campaign on this small-scale apparatus,
with the ICE running at different engine loads (brake power between 50 and 110 kW), resulted
in a quite constant thermodynamic efficiency of 10%, while the exergy efficiency ranged
between 19 - 30 % with a direct power of 2.00-2.50 kW [51].

In ref. [52], authors presented interesting analyses of a CHP plant based on a updraft
gasifier combined with an external combustion chamber and an ORC module. The gasification
products are exploited for drying process and burnt in the external combustion chamber. Flue
gases indirectly power the ORC module through thermal oil. As reported by the authors, one of
the advantages of such system lies in the possibility of avoiding any cleaning and cooling
process of the producer gas as it is directly burnt in the combustion chamber. Other advantages
are represented by the possibility to process biomass with high ash content and high moisture.

The syngas obtained has a suitable Lower Heating Value (LHV) equal to 4.60 MJ/kg- The
ORC module, using Toluene as working fluid, showed an efficiency equal to 18.6%. The CHP
layout produced 93.8 kWe of net electric power and 412 kW of thermal power and it is
characterized by 58.4% of first law efficiency.

Another compelling analysis is presented in [53], where authors report a technical
assessment of a CHP plant based on a bubbling fluidized bed (BFB) gasifier coupled with an
ORC module. The case study is based on real data of a small-scale pilot demonstrator. Main
findings suggest that a large-scale system could be sustainable only in the case of fed-in tariffs
and of integration into the waste management system. The strength lies in the large amount of
landfill space saving and related economic valorisation.

In [54], a very interesting thermodynamic modelling, an economic assessment and
comparison of three small-scale power plants layouts based on a downdraft gasifier integrated
with an ICE and a ORC bottoming cycle are proposed. In particular, the first configuration is
based on the simple ICE-ORC integration presented in [55]. In the second configuration, the
ORC module is indirectly powered by thermal oil, which is heated in a two-steps phase by the
exhaust gases from the ICE and by the hot syngas exiting the fixed bed reactor. Moreover, a
preheating process in the ORC cycle through the ICE cooling water is considered. In the third
configuration, a double cascade ORC module is proposed, which is composed of two closed
loops using two different working fluids: R123 for the topping cycle and R245fa for the
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bottoming one. Similarly, a preheating process in the bottoming cycle through ICE cooling
water is considered.

In the present work, a thermodynamic modelling, an exergetic analysis and an economic
assessment of a CHP system designed for a real rice husk dryer system placed in Taiwan are
proposed. The layout considered is aimed at maximizing the biomass exploitation for stationary
power production, and it was considered within a feasibility study under a specific request of a
Taiwanese private company.

The system is composed by a gasification system fed with rice husk. The produced syngas
feeds an ICE (topping cycle), whose cooling water powers an ORC module (bottoming cycle).
The CHP unit is conceived to be integrated with the rice dryer module, even if the latter is here
not simulated.

The power output of the ICE is used for feeding the electricity network, whereas the
power output produced by the ORC module is exploited to cover the internal plant demand.

It is to be pointed out that the numerical characterization of the ICE application under
biofuel feeding is a challenging task, as the properties of the biofuel resulting from the
considered biomass conversion technology deeply affect the combustion efficiency of the
primary conversion system. The assessed combustion models, tuned on the ground of a massive
amount of experimental data for fossil fuels, often result poor in predicting the actual behaviour
under biofuel feeding.

Therefore, the ICE combustion efficiencies under non-conventional fuelling are here
analysed through computational modeling on two different levels of detail.

A numerical model of the entire system is first developed within the Thermoflex™
environment, with detailed designing of the heat exchanger performed by using the Exchanger
Design & Rating environment of the AspenOne platform. The engine performances are
evaluated by resorting to customized Spark Ignition (SI) ICE models available in the software,
by studying how the ICE efficiencies vary with the gasifier ER, and consequently, how this
influences the system outputs according to users’ energetic demand.

The ICE performances are then studied through the development of a more detailed 1D
model in GT-Power, optimized according to the composition of the considered gaseous fuel.
This study is aimed at better quantifying the engine derating in non-conventional conditions,
by comparing the engine performances under a stoichiometric mixture of air and Natural Gas
(NG) with the ones relevant to syngas feeding, deriving from rice husk gasification at different
values of the gasifier Equivalence Ratio (ER).

Finally, on the basis of the achieved results, an exergetic analysis is proposed, while an
economic analysis, aimed at the correct evaluation of the simple payback period is developed,
where the economic specific cost functions are considered referring to the Taiwanese market.

2. THE ENERGY SUPPLY AND DEMAND SCENARIO IN TAIWAN: AREVIEW

Taiwan is located in the southeastern rim of Asia, facing the Pacific Ocean in the east and
the Taiwan Strait in the west [56]. Taiwan is a densely populated island, with a population of
over 23.4 million and with only limited natural resources, as over 97% energy supply must
depend on oversea imports.

In Taiwan, the total energy consumption has greatly grown over the past two decades,
going from 69.18 million kilolitres of oil in 1996 to 116.81 million in 2016.

Classified by energy form, coal contributed to 29.36% in 2016, oil constituted 48.93%,
natural gas shared 13.66%, biomass and waste accounted for 1.12%, hydro power provided
0.43%, nuclear power provided 6.25%, solar power, geothermal, wind and biogas power
provided 0.17%, and solar thermal the 0.08% (Figure 1.a). Electricity production grew from
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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
electricity production in 2016, the hydro power of Taiwan Power Company comprised 3.67%,
thermal power 52.69% (coal shared 24.71%, oil 3.96%, LNG 24.02%), nuclear power 11.99%,
wind power and solar photovoltaic 0.25%, cogeneration 14.56%, and IPP 16.85% (Figure 1.b)
[57].

solar PV, geothermal,
wind and biogas power

nuclear power 017%

hydro power
hydro power

3.67%

biomass and waste
1.12%

wind power and solar
photovoltaic
0.25%

a) b)
Figure 1. a) Classification of energy supply in 2016, b) total electricity production in
2016 [57].

The reserves of renewable energies in Taiwan are 76.48 GW of solar energy, 77.5 GW of
wind power, 5.08 GW of biomass, 8.44 GW of ocean energy, 0.7 GW of geothermal and 25.7
GW of hydropower. The total RE reserve is 193.9 GW, which is 4 times of 48.7 GW, the
national power capacity in 2015 [58].

As shown in Table 2, the total reserves of biomass energy can be obtained by orderly
aggregating the energies from the three categories: first generation of biomass crops, urban
waste, and wastes of agriculture and forestry. The reserves of biomass in Taiwan can provide
Taiwanese with energy of 38,197.25 GWh/year, equivalent to the electric power of 15,278.90
GWh/year.

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

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

The main biomass energy resources are landfill gas and waste incineration, which have
total electricity generation capacity of 629.1 MW (at the end of 2015) in more than 70 installed
sites. Currently, the installed biomass power is 740 MW in Taiwan, with 625 MW from
municipal solid waste incineration, 19 MW from biogas, and 97 MW from waste of industry
and agriculture [58]. Nowadays, the most developed current applications that employ biomasses
are based on BFB or Circulating Fluidized Bed (CFB) CHP boilers, BFB boilers and Stoker
steam boilers, only fuelled with Refuse Derived Fuel (RDF) or with a RDF-coal mix.

In this contest, Taiwanese government is pushing more and more on renewables
exploitation, since the island imports the 98.7 % of its energy request [59]. Latest Taiwanese
approved energy program defines the strategy outlines of renewables and the fee-in tariffs
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mechanism development. The main goal is targeting the renewables power generation to 17.25
GW at the end of 2030. In particular, target for biomass is fixed at 950 MW [60], with municipal
waste exploitation up to 750 MW, industrial waste up to 43 MW, biogas production up to 26
MW and agricultural waste up to 131 MW [59].

3. SYSTEM LAYOUT AND SIMULATION MODELS

The here considered CHP system fuelled with syngas from the gasification of rice husk
is analysed within the Thermoflex™ environment, a thermal engineering software usually
employed by power and cogeneration industries. Thermoflex™ owns a broad library of working
mediums (gases, fuels, refrigerants, etc.) and both pre-built and user-customized commercial
power plants, as gas turbines and ICEs. Sl engines in Thermoflex™ are supposed to be natural
gas fuelled and each pre-built model is characterized by default values of power output,
electrical efficiency (hence fuel power input) and flue gas mass flow rate. Therefore, if the
engine is fed with a low Lower Heating Value (LHV) fuel instead of methane, and thus a higher
mass flow rate of this fluid is required, the software automatically lowers air input to
compensate the related increase, keeping the gas mass flow rate constant and always yielding
the same power with the same efficiency. This last is a quite strong assumption, as demonstrated
by ref. [61]. Therefore, in a first step, a customized ICE model in Thermoflex™ is preferred,
as it gives the possibility to evaluate the variation of power output with the primary energy
content given by the fuel. Indeed, based on the assumption of [62], a certain size ICE is roughly
characterized by the same gas mass flow (if the same power output is considered) under both
natural gas and syngas feeding. Methane-fed ICEs models in Thermoflex™ can be suitably
used to assess the engine performances in case of syngas fuelling.

The considered layout of the here analysed system is shown in Figure 2. Dried biomass
and air enter the gasifier; the raw syngas is cleaned through a scrubber and a separator before
fuelling the ICE.

The gasifier is based on a thermo-chemical process which converts biomass through
partial oxidation into a fuel gaseous mixture (syngas), mainly consisting of H,, CO, CHa, CO>
and No.

The syngas needs to be cleaned in order to remove tars and inorganic compounds before
being sent to the ICE, whose heat to electric output ratio is typically 2:1.

Before the cleaning, the syngas temperature is decreased (down to 350°C) and the
sensible heat transfer in the heat exchanger HEL is used to warm up the air for the drying
section. Since syngas fuel is not enough to heat the air for the drying process of the mass flow
rate of rice indicated by the Taiwanese plant owner, another heat exchanger HE2 is employed
to recover heat from the exhausts exiting the ICE. Both the HE1 and HE2 are co-axial plate-fin
compact heat exchangers. Pressure drop are neglected in both the exchangers.

The ICE cooling circuit is used as hot source in the evaporator of the ORC. R245fa is
used as working fluid. Cooling water temperature variation is fixed from 82°C to 92°C. Pressure
levels are also fixed at 8 bar for evaporation and 2.5 bar for condensation. The cooling water at
the condenser varies between 20°C and 30°C. The generator efficiency is fixed at 95%.

Electricity produced by the ORC module is supposed to be used for self-consumption and
cover all the system plants requirements, while the electricity produced by the ICE is sold in
the network.

Biomass feeding the gasifier is generally pre-treated by a drying process, aimed at
reducing the initial moisture content of the biomass. This pre-treatment increases the conversion
efficiency of gasification, leading to a syngas with higher LHV content. However, in this
analysis the drying system is not simulated: a fixed desiccant flow rate equal to 450 m®/min at
a minimum temperature of 120 °C is supposed to dry 9000 kg/h of paddy, with an initial
moisture content of 26%. This allows feeding the gasifier with a constant mass flow rate of 0.5
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kg/s of rice husk biomass, with 15% of moisture content. The operative equivalence ratio of the
gasifier is equal to 0.3, as it is a classical condition for gasification. The biomass composition
in terms of ultimate and proximate analysis, as derived by the Thermoflex model, is shown in
Table 3.

Rice

HEl ——— 2 () Air 1
Dryer 3 | | | MW |
| — HEZ2 Exhaust gases 1 ICE
2 2 7 Cooling

tower

5 |Water Syngas separator 4

________

1 U : ( ) 3 Water
: ] Gasificator 3 4
! | Scrubber l ¥ =
1 ) Syngas : 5
4 i i 2 Air Residuals : 1|
! . . ' ORC 6
() .
[ f; 6

Steam | l .
/Tar Syngas Water 7
K : ) Water | I, Char/Tar i ) )
1 - Water Rice = Rice husk
Peeled Ricel Rice Husk Ashes Air =~ Exhaust gases ~———Ashes/Char/Tar/Residuals

Figure 2. System layout.

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

(daf).
db % [w/w] daf %[w/w]

VM (Volatile Matter) 54.4 68.5
FC (Fixed Carbon) 25.0 315
Ashes 20.6

C 314 39.6
H 4.76 6.00
@) 42.6 53.7
N 0.560 0.700
LHV [MJ/kg] 124 15.6
HHV [MJ/kg] 13.4 16.8

The model of the gasifier used for the present layout needs the solid biomass and
oxidizing air as input, while the raw syngas composition, temperature of gasification and the
slag (this last composed of residual charcoal and ashes) are the main outputs. The reliability of
the gasifier model chosen in Thermoflex™ is preliminary assessed considering different initial
biomasses, such as rubber wood [63], treated wood [64] and sawdust [65], and by comparing
the syngas composition with experimental measurements and numerical results obtained using
an optimized 0D thermo-chemical equilibrium model [66]. Details about the biomass ultimate
and proximate analyses may be found in [66], while results of the comparison in terms of
species volumetric fraction and gasification temperature are reported in Figure 3. The
simulation results in Thermoflex™ refer to full-load steady conditions.
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Figure 3. Comparison between experimental measurements, numerical results of both the
optimized equilibrium model and the Thermoflex™ model in terms of volumetric syngas
compositions for a) rubber wood, b) sawdust, c) treated wood and d) gasification temperature.

3.1. Engine Model and its customization for syngas use

As already said, the definition of the engine operating parameters in the Thermoflex™
environment is performed through the implementation of an engine user-defined configuration,
allowing to properly characterise the generation system considered without necessarily having
to resort to one of the predefined models present in the vast software library. However, SI ICEs
in Thermoflex™ are designed for natural gas combustion, and the evaluation of the
performances under syngas fuelling are based on the assumptions that the engine is roughly
characterized by the same gas mass flow rate. This assumption, also made by Carrara [62], is
based on the hypothesis that the same engine power output is taken into account. Indeed, this
goal was fulfilled by feeding the engine with natural-gas under lean burn charge, while syngas
combustion occurred under stoichiometric conditions [62].

In the present analysis, a precise evaluation of the engine performances is fundamental to
assess how the ICE efficiencies vary with the gasifier ER (thus, with the syngas composition),
and how this reflects on the system outputs according to the users’ energetic demand.

Therefore, a more detailed analysis of the influence of fuel composition on engine
performances can be performed through the development of a dedicated engine numerical
model. In this perspective, 1D modelling approaches are a good way to assist the development
process of engines, primarily due to their very low computational effort and satisfying accuracy
[67]. The use of 1D models requires detailed design information of the simulated engine and of
the fuel combustion properties and setting-up empirical relations and coefficients to be assessed
in a relatively labour-intensive verification with experimental data. In particular, GT-Power
[68] flow model involves the solution of the Eulerian equations, namely the solution of the
equations of conservation of continuity, momentum and energy in one dimension and in the
absence of viscosity (ideal case).

As the most of commercial ICEs for stationary energy production are modular
configurations, a preliminary analysis is performed to study a single-cylinder engine fuelled
with natural gas under stoichiometric charge. The GT-Power model developed is shown in
Figure 4: the model is initialized in the env-inlet-1 component according the initial conditions
reported in Table 4, while the geometrical data are specified in the cylinderl and Engine blocks.
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467  As a first assessment, the length of each intake and exhaust ducts is chosen from the examples
468  available in the software, and properly scaled according to the dimensions of the cylinder.

469 The predictive turbulent combustion model EngCylCombSITurb is chosen to reproduce
470  the combustion occurring under both natural gas and syngas fuelling, since it gives the
471  possibility of evaluating the influence of variation in the composition of the fuel gas.

472

B——o—H—o——FH——8—3 B r—8——F—o—5—o——0
env-inlet-1 1 intrunner-1 2 imtpart-1 intvalve-1 eylindearl exhvalve-1exhpor-1 2 exhrunner-1 4 env-outlet-1
}
]

473 Engine
474 Figure 4. GT-Power model of the JIMS 320 GS-C04 single cylinder.
475
476
477 Table 4. Initial conditions considered for the 1D simulation

Mixture P=2bar; T=313.15K

RPM 1500

Spark Timing Between 20° and 5° BTDC

Wall Temperature Head=550 K; Piston=590 K; Cylinder=450 K
478
479 In particular, referring to Eq. 1, the dependency of the laminar flame speed to the
480  combustion parameters is expressed as:
481

o B

482 St = [Bmax + B(p ) ((P - (pmax)z] ) (%) ’ (pfef) 1)
483
484 where By, 1S the maximum laminar flame speed achieved at the equivalence ratio ¢4,

485 B, is the roll-off value, while o and B indicate the growth/decrease of the laminar flame speed

486  respectively with temperature and pressure. These parameters are set equal to the default values
487  inthe case of natural-gas fuelling, while for syngas-fed operations, they are tuned following the
488  approach of Hernandez et al. [70], where validated correlations were obtained according to the
489  producer gas composition and producer gas/air equivalence ratio.

490 The description of the in-cylinder geometry for the flame and wall interaction is also
491  necessary, while the sub-model chosen to describe the wall heat transfer is the classical
492  Woschni model [71] that in the present simulation is used with the default tuning parameters.
493

494 Subsequently, a multi-cylinder configuration is taken into account, considering an inline
495  six-cylinder engine analysed under the same operative conditions discussed before. The aim of
496 this study is to quantify the influence on the engine performances of the air pressure pulses that
497  derive from the interaction of all the cylinders. Indeed, the airflow to each cylinder of a multi-
498  cylinder engine, even under steady operating conditions, is not identical. This is due to
499  differences in runner and branch length and other fluid dynamic details of the flow path to each
500 cylinder, and the extent of these with respect to the average flow varies significantly with engine
501 speed and load [72].

502 Finally, in the last part of the thermodynamic analysis, the engine performances are
503 evaluated under syngas fuelling, obtained from gasification of rice husk under different gasifier
504  equivalence ratio (ER). The results obtained lead to reliable quantifications of the power
505 derating produced by the engine under non-conventional feeding with respect to the previous
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formulation achieved within Thermoflex™, thus allowing a proper assessment of the exergetic
and economic efficiencies of the proposed CHP layout.

4. EXERGETIC ANALYSIS

Since chemical process are involved, particular attention must be paid in the definition
and calculation of the exergy of the considered material streams.

In the case of liquid water and neglecting the potential and kinetic energy, the total exergy
is only represented by the physical exergy of the material stream.

EXwater =h—hy— Tp- (S - SO) (2)

where h and s are respectively the enthalpy and entropy variations with respect to their
value at dead state. As regards the biomass exergy, the simplified formula presented in [75],
and reported in Eq. (3) is used.

Xrice husk = 1812.5 + 295.606 - C + 587.354 - H + 17506 - O + @)
+17735-N +95615-S —31.8-A

where capital letters indicate the content of all the elements expressed in wt%, as db
obtained by the ultimate analysis plus the ash content.

Such formula derives by statistical data comparison, which suggest that chemical exergy
related to ash and the exergy related to the oxygen reacting with inorganic matter can be
neglected. Moreover, authors successfully compare results with the method by Szargut and
Styrylska [76], founding a good level of accuracy.

The syngas is considered as a mixture of ideal gases. The total exergy is given by the sum
of the physical and chemical contributions.

The complete expression of physical exergy of a gaseous substance, once the
thermodynamic parameters To and po at dead state are assessed, is a function of the absolute
temperature of the considered stream and of the partial pressure of the i™" substance pi:

_ T pi
eXphi = Cp,i* (T — To) — Ty cpi - In—+ RTyln— (4)
To Po

As shown, global exergy destructions T,AS; is given by the sum of the term related to

temperature difference and the one related to the mixing effect of each mixture component.
Consequently, the chemical exergy is only given by the standard chemical exergy eXcnst,i.
Finally, the global exergy flux of a gaseous mixture stream is given by the sum of the
terms related to each substance:

EXtot = ot Z_Xi (eXph,i + eXcpi) (5)
1

The exergy balances have been written both for all components and for all the system.
For the sake of brevity, only the main balances and the efficiency definitions are here reported.
Considering the whole plant, global exergy balance and global efficiency are:
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EXrice husk + EXhotair,gas in + EXdes,in + EXcool,w,ORC,in = l:)ICE + EXdes,out + (6)
+ EXcool,w,ORC,out + EXexh + EXash + EXChar,Tar,Res + EXdestr

Global exergy efficiency is defined as the ratio between the exergy product and the exergy
fuel:

ProT _ Picg + AEXges

(")

Ntot = :
Fror EXrice husk

In particular, the exergy product is represented by the sum of the electrical power
produced by the ICE and the exergy variation of the desiccant flow, while the exergy fuel is
given by the biomass exergy. Exergy related to the hot air entering the gasifier, the exergy
related to ashes, char, tar and residual are here neglected.

Considering the main components, namely the gasifier, the ICE and the ORC, the exergy
balances and efficiencies are:

Gasifier:
E:Xrice husk = EXsyn + EXdestr,gas (8)
_ l:)gals _ Exsyn
Ngas = F - = (9)
gas EXrice husk

ICE®:
EXsyn + EXcool,w,ICE,in = l:)ICE + EXexh,ICE + EXcool,w,ICE,out + EXdestr,ICE (10)

_ Pegr  Pice 11
Nice1 = F == (11)

1cEl  EXicg

ICE?:
EXsyn + EXcoolwicEin = Pice + EXexnice + EXdesHE2 0ut T (12)
+EXcoolw,1cE0out T EXdestr,IcE

_ Pcgn  Picg + AEXgesup2
Nicen = F = : (13)

ICE,II EXsyn
ORC:
EXcool,w,ICE,out + EXCOOI,W,ORC,in = l:)ORC + EXcool,w,ICE,in + EXcool,w,ORC,out + (14)
+EXgestr,0rc
Porc Porc

Norc = = - (15)

Forc EXcoolw,1CE,0ut — EXcool,w,ICE out

As shown, two definitions of the exergy balance and efficiency regarding the ICE are
reported. In fact, depending on the considered control volume, the definition of the exergy
product and of all involved material stream changes.
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In the first case, the control volume taken into account is properly the ICE, thus the exergy
product is only represented by the power output, while the variation of exergy of the cooling
water represents the residual exergy.

In the second case, since the desiccant flow is first heated through the exhaust gases, the
considered control volume is the sum of the ICE and the HE2 heat exchanger. Consequently,
the exergy product is related both to the power output and to the variation of the desiccant flow
at the HE2.

5. ECONOMIC ANALYSIS

The profitability (Eq. 16-24) of the system is assessed by estimating the Simple Pay Back
(SPB), the Net Present Value (NPV) and the Profit Ratio (PR).

The SPB is expressed by the ratio between the total investment cost Jit and the sum of
operating costs and economic savings, once a traditional biomass butch dryer is considered as
reference technology. The total investment cost of the drying retrofitting is trivially given by
the sum of the gasifier Jeas [73], of the ICE cost Jice [74], the ORC cost Jorc [49]and the heat
exchangers HE1 and HEZ2, Jue [75]. The yearly economic savings are represented by the sum
of the revenue R sein related to the selling of net electricity supplied (Eeinet) [76], to the avoided
cost of electricity purchase, Reiav.purch. [76], t0 the avoided cost of thermal energy of the desiccant
current Reav., and to the avoided cost of rice husk disposal Raisp.av (Whose specific cost is
assessed basing on the information provided by managers and stakeholders operating in this
field). The yearly operational costs are given by the Operation&Maintenance costs Coem
(assumed as the 5.00% of the total investment cost) and by the cost of ash disposal Cashdisp [77].

The NPV is presented by assuming that the total yearly revenue Ryt is constant throughout
the lifetime of the system (which is set equal to 20 years) and the Interest Rate a is equal to 5%.

The PR is calculated as the ratio between the NPV and the total plant investment Jit, as
reported in eq. (24)

Parameters used in the analysis are reported in Table

Table 5. Main parameters of the economic analysis.

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) Csei 0.14 €/kWh
Purchase price of electricity Cpurch 0.06 €/kWh
Specific disposal cost of rice husk Caisp.husk 200 €/ton
Specific cost of natural gas Cnat.gas [78] 0.400 €/Sm®
LHV natural gas 34.5 MJ/ Sm®
Specific disposal cost of ash Cgisp.ash 100 €/ton
Yearly hours of operation 2080 h
Conventional combustion chamber efficiency 7cc 97.0%
Interest rate a 5.00%
Lifetime N 20 years
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SPB= ——M8M8M
Rtot - Ctot (16)
Rtot = Rel,sell + Rel,av.purch. + Rth.av. + Rdisp.av. - CO&M - Cash.disp. (17)
Jtot = Jory T Jgas+ice + Jorc + JuE
JGas+I1CE = Pnom.CE " CGas+ICE (18)
Jorc = Prom.oRC * CoRc
Rel,sell = Eel,net " Csell (19)
Relav.purch. = Eselfcons * Cpurch (20)
{Rdisp.av. = Mpysk * Cdisp.husk (21)
Cdisp.ash = Mash * Cdisp.ash
AF= & x (1 : ) (22)
T a (1 +a)N
NPV = (Reot — Cot) * AF — [Jiotl (23)
NPV
PR = (24)
]tOt

6. RESULTS AND DISCUSSION

As discussed in the Taiwan is located in the southeastern rim of Asia, facing the Pacific
Ocean in the east and the Taiwan Strait in the west [56]. Taiwan is a densely populated island,
with a population of over 23.4 million and with only limited natural resources, as over 97%
energy supply must depend on oversea imports.

In Taiwan, the total energy consumption has greatly grown over the past two decades,
going from 69.18 million kilolitres of oil in 1996 to 116.81 million in 2016.

Classified by energy form, coal contributed to 29.36% in 2016, oil constituted 48.93%,
natural gas shared 13.66%, biomass and waste accounted for 1.12%, hydro power provided
0.43%, nuclear power provided 6.25%, solar power, geothermal, wind and biogas power
provided 0.17%, and solar thermal the 0.08% (Figure 1.a). Electricity production grew from
142.0 TWh in 1996 to 264.1 TWh in 2016, an average annual increase of 3.15%. Of the total
electricity production in 2016, the hydro power of Taiwan Power Company comprised 3.67%,
thermal power 52.69% (coal shared 24.71%, oil 3.96%, LNG 24.02%), nuclear power 11.99%,
wind power and solar photovoltaic 0.25%, cogeneration 14.56%, and IPP 16.85% (Figure 1.b)
[57].
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Figure 1. a) Classification of energy supply in 2016, b) total electricity production in
2016 [57].

The reserves of renewable energies in Taiwan are 76.48 GW of solar energy, 77.5 GW of
wind power, 5.08 GW of biomass, 8.44 GW of ocean energy, 0.7 GW of geothermal and 25.7
GW of hydropower. The total RE reserve is 193.9 GW, which is 4 times of 48.7 GW, the
national power capacity in 2015 [58].

As shown in Table 2, the total reserves of biomass energy can be obtained by orderly
aggregating the energies from the three categories: first generation of biomass crops, urban
waste, and wastes of agriculture and forestry. The reserves of biomass in Taiwan can provide
Taiwanese with energy of 38,197.25 GWh/year, equivalent to the electric power of 15,278.90
GWh/year.

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

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

The main biomass energy resources are landfill gas and waste incineration, which have
total electricity generation capacity of 629.1 MW (at the end of 2015) in more than 70 installed
sites. Currently, the installed biomass power is 740 MW in Taiwan, with 625 MW from
municipal solid waste incineration, 19 MW from biogas, and 97 MW from waste of industry
and agriculture [58]. Nowadays, the most developed current applications that employ biomasses
are based on BFB or Circulating Fluidized Bed (CFB) CHP boilers, BFB boilers and Stoker
steam boilers, only fuelled with Refuse Derived Fuel (RDF) or with a RDF-coal mix.

In this contest, Taiwanese government is pushing more and more on renewables
exploitation, since the island imports the 98.7 % of its energy request [59]. Latest Taiwanese
approved energy program defines the strategy outlines of renewables and the fee-in tariffs
mechanism development. The main goal is targeting the renewables power generation to 17.25
GW at the end of 2030. In particular, target for biomass is fixed at 950 MW [60], with municipal
waste exploitation up to 750 MW, industrial waste up to 43 MW, biogas production up to 26
MW and agricultural waste up to 131 MW [59].

SYSTEM LAYOUT AND SIMULATION MODELs section, the reliability of the
gasifier model of Thermoflex™ is preliminary assessed by comparing the syngas composition
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of different biomasses obtained using an optimized 0D thermo-chemical equilibrium model
with experimental measurements and numerical results

A cleaning section downstream of the gasifier is generally present in the majority of the
real configurations. However, the produced syngas exiting the gasifier is actually modelled as
already clean, being composed only by CO, CO2, CHa, H2, N2 as shown in Table 6. Thus, the
devices dedicated to syngas cleaning are considered to evaluate the correct power consumption
of the whole system and, in case of scrubbing, determine a syngas moisture variation (which is
always completely removed at the end of the treatment chain).

For a gasification ER of 0.3, the ICE power output is 1150 kWe with an electrical
efficiency equal to 27.9%. The heat recovery allows the air for the dryer to reach a final
temperature of 124 °C. As regards the ORC, it produces 76.3 kWe and it works with a thermal
efficiency equal to 6.5% that remains unchanged by varying the ICE power output, since the
pressure levels are supposed to be maintained constant, than the specific enthalpy variations are
constant and only the mass flow-rate changes.

Table 6. Syngas species composition on daf basis obtained from rice husk gasification,
expressed as volume [v/v] and mass [w/w] fractions.

% [VvIV] % [wiw]
CO 22,6 26,8
CO; 13,8 25,7
Ha 25,6 2,20
CHa 6.00x10* 4,00x10*
N> 38,1 45,3

A parametric study is proposed with respect to the power output by the engine and the
ORC by varying the ER of the gasifier in the range of 0.2 - 0.4, and by keeping constant the
biomass flow rate, the dryer air flow rate and the ORC operative parameters. The main results
of the parametric analysis are shown in Figure 5.

As the equivalence ratio of the gasifier increases, a reduction of CHs, Hz and CO is
achieved (Figure 5.a), leading to a reduction of the related syngas LHV and to an increase of
the gasification temperature (Figure 5.b), as a consequence of the operative conditions that are
approaching the stoichiometric one. This reflects on the useful power of the ICE that reduces
due to the lower primary energy content of the syngas, as well as on the thermal energy of the
exhaust gases (Figure 6.a). The reduction of the ICE electrical efficiency is accompanied by an
increase of the thermal energy content of the exhaust gases (Figure 6.a). The ORC system,
working at the same efficiency, produces less electrical power as the gasifier equivalence ratio
increases, due to a reduction in the flow rate of the working fluid (Figure 6.b).

Finally, in Figure 6.c the trend of temperatures is reported. The air that is supposed to
enter the dryer increases from 83.5 °C to 162.4 °C thanks to the heat transfer that occurs in the
two heat exchangers: the increase in the syngas temperature has a stronger effect with respect
to the slight reduction that occurs in the exhaust gases energy.

Once the system is analysed by the thermodynamic point of view, a detailed designing of
all the heat exchangers is performed in the Exchanger Design&Rating environment of
AspenOne platform. Results are reported in Table 7.
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Table 7. Design parameters of HE1 and HE?2 heat exchangers.

Geometrical feature - Standard axial flow —

(Gasifier ER=0.3) HE1 HE2
UA 1.60 KW/K 0.7 kW/K
Heat transfer area 189 m? 88.7 m?
Core length 84.1cm 210 cm
Core width 114 cm 106 cm
Core depth (stack height) 63.3cm 60.3cm
No. of layer per exch. 63.0 60.0
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6.1. Engine Model Optimization

A more detailed analysis of the influence of fuel composition on engine performances is
then performed through the development of a dedicated 1D engine numerical model in GT
Power environment.

The characterization of the considered engine is performed by taking information in
literature about the engine characteristics, among the natural-gas fuelled systems, whose
electrical power is of about 1 MW (according to the results of Figure 6.a). Therefore, a turbo-
charged engine JMS 320 GS-C04 [69] natural gas fuelled is considered, whose characteristics
are reported in Table 8.

The analysis on the engine performances under syngas fuelling lead to quantifications of
the power derating with respect to the formulation of the Thermoflex™ environment, thus
allowing a more precise assessment of the exergetic and economic efficiencies of the proposed
CHP layout.

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

N° of cylinders 20 V70°
Bore [mm] 135
Stroke [mm] 170
Displacement [dm?] 48.67
Compression Ratio 125
Mean Piston Speed [m/s] 8.5
Electrical Power [kWel] 1063
Recoverable Thermal Power [kWth] 1222
Electrical Efficiency [%] 40.1
Thermal Efficiency [%] 46.1

6.1.1 Single-Cylinder Analysis under Natural Gas Fuelling

The first analysis is focused on an engine mono-cylinder configuration. The results of the
parametric study performed by varying the SOS are reported in Figure 7 in terms of brake power
expressed in KW. In particular, a SOS equal to 10° BTDC gives a brake power equal to 59 kW.
By considering a typical electric efficiency equal to 0.9, this result gives an electric output equal
to the target one (being the nominal total power evaluated divided by the number of cylinders).
Table 9 reports the main performances of the engine in this last operative condition.
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Figure 7. GT-Power result of engine single-cylinder brake power as a function of the
SOS under natural gas fuelling.

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

fuelling.
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

6.1.2 Six-Cylinders Analysis under Natural Gas Fuelling

The simulations performed considering a six-cylinder configuration are based on the
operative characteristics obtained in the previous section. As previously said, this study is aimed
at quantifying the influence on the engine performances of the air pressure pulses that derive
from the interaction of all the cylinders, and it is conceived to give a target electrical power of
53 kW.

A parametric study is performed by varying the start of spark (SOS) in a range between
25° and 3° Before Top Dead Centre (BTDC), in order to achieve the produced target power.
The firing order chosen is equal to 1-5-3-6-2-4.

Figure 8 shows how, even under the maximum brake torque (MBT) condition (relative to
a SOS of 21° BTDC), the brake power is not equal to six times the one produced by the single-
cylinder configuration, confirming the effectiveness of the flow interaction on the whole engine
performances. This case, whose performance characteristics are reported in Fable-40 Table 10,
is taken into account as reference condition to the evaluation of the variation in engine
performances under syngas fuelling.
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Figure 8. GT-Power result of engine six-cylinder brake power as a function of the SOS under
natural gas fuelling.

Table 46 10. Main results of the six-cylinder simulation at SOS = 21° BTDC under natural

gas fuelling.
Indicated Mean Effective Pressure (IMEP) [bar] 18.6
Brake Power [kKW] 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

6.1.3 Six-Cylinders Analysis under Syngas Fuelling

Lastly, the analysis is performed under syngas fuelling in the same operative conditions
of the previous section. Table 11 reports the syngas species mass fractions considered for
different gasifier ER according to the results of the Thermoflex™ simulation, both with the
parameters values of Eq. 1 chosen to correctly describe the laminar flame speed propagation
according to the producer gas composition [72].

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

parameter.
ER 02 025 03 035 04
CO [wiw %] 2519 2402 2298 212 19.54
CO; [wiw %] 2980 26.70 21.86 2020 19.40
Ha [wiw %] 280 231 18 148  1.19
CHa [Wiw %] 053 021  0.05 0 0
H0 [wiw %] 1051 11.96 138 147 15.68
N2 [wiw %] 3117 348 3951 4242 44.18
LHV [MJ/kg] 367 342 310 285 259
Bonax [MVS] 095 073 057 0385 0.285
B,, [ms] 2125 -158 -1.162 -0.78 -0.419
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The results of the present analysis performed at different gasifier ER are reported in Fable
52 Table 12.

At a fixed SOS, increasing ER leads to a producer gas characterised by a lower primary
energy content (lower heating value, as Figure 5.b), thus determining a lower indicated mean
effective pressure and brake power produced by the engine. On the other hand, the power
related to the thermal energy of the exhaust gases increases with ER.

The trends seen in Figure 6.a for the engine efficiencies are thus confirmed. Nevertheless,
the electric efficiency ranges between 18% and 30% (assuming a generator efficiency equal to
0.9), while the thermal efficiency reaches a value equal to 63.8% for ER equal to 0.4. Obviously,
each efficiency is related to a syngas primary energy content that varies according to the
producer gas deriving from different values of the gasifier ER.

Moreover, Figure 9 reports the evolution of the brake and thermal efficiencies with the
SOS for the syngas feeding from different ER.

An interesting result is the shifting of the SOS at which the maximum brake efficiency
occurs as the syngas composition varies. Indeed, the reduction in the lower heating value of the
gaseous fuel leads to an advancement of the SOS necessary to achieve the maximum exploitable
power.

The results of Figure 9 are better highlighted in Figure 10 and Figure 11, where response
surface maps are drawn to report the influence of the operative SOS and gasifier ER on the
engine power and efficiencies of Fable-52 Table 12, these lasts expressed as a ratio with respect
to the natural gas operative conditions seen in Table 40.

Under syngas fuelling, the engine gives a brake power reduction ranging between the
30.3% and the 64% for an ER respectively equal to 0.2 and 0.4, as a direct consequence of the
lower energy content that characterises the syngas fuel with respect to the natural gas (Figure
10.a). On the other hand, it is possible to achieve a 20% higher thermal power of the exhaust
gases under syngas fuelling for ER of 0.4 and for advanced SOS (Figure 10.b). Same trends in
the engine efficiencies can be derived from Figure 11.

The results here described lead to quantifications of the power derating under non-
conventional fuelling. Therefore, the future assessment of the exergetic and economic
efficiencies will be performed by taking into account these results of brake power produced,
these lasts properly scaled to a 20 cylinders engine.

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

fuelling.
ER 0.2 0.25 0.3 0.35 0.4
I[E(;H:ated Mean Effective Pressure (IMEP) 1340 1285 1232  10.06 7 88
Brake Power [kW] 197.45 186.32 175.36 146.25 101.54
Brake Efficiency [%] 33.19 3256 31.39 24.8 20.8
Exhaust Gases Power [kKW] 244,91 255.65 266.56 289.67 311.86
Exhaust Gases Efficiency [%] 46.59 47.02 47.87 5424 63.87
Maximum Pressure [bar] 121.37 103.85 8793 7259 59.79

Crank Angle at Maximum Pressure [© ATDC] 7.53 8.6 11.65 5.32 0.61
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Figure 9. GT-Power result of engine six-cylinder under syngas fuelling of a) brake
efficiency and b) exhaust thermal efficiency as a function of gasifier ER and SOS.
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6.2 Exergetic analysis
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In this section the exergetic analysis of the considered plant layout is reported and
discussed.

In Fable-63 Table 13, main results are shown. The analysis is carried out by varying the
gasifier ER from 0.2 to 0.4 with a step of 0.05

Table 63 13. Exergetic analysis at different gasifier ER.

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

Ficen [kW] 4743 4659 4606 4529 4517
Picen [kw] 656.4 619.6 5825  486.8 338.6

Nice [%] 13.8% 13.3% 12.7% 10.8% 7.50%
Forc [kw] 269.1  260.7 2170 2328 210.1
Porc [kw] 83.00 80.00 76.30  72.00  65.00

Morc [%] 30.84% 30.68% 35.03% 30.93% 30.94%
Frot [kW] 6995 6995 6995 6995 6995
Pt [kw] 7101 7100 7379 6963  595.1
Riot [kW] 8022 7926 7396 7589  706.6
EXesrt  [kW] 5483 5493 5518 5540 5694
M, [%] 10.2% 10.2% 10.6% 9.95% 8.51%

Results regarding the nominal ER, equal to 0.3, are in bold character. The total exergy of
the fuel Frot, represented by the exergetic content of the rice husk, as explained in the simulation
model section, amounts to 6995 kW, while the total exergy product Py, given by the power
output of the ICE and by the exergy variation of the desiccant flow, is 737.9 kW. Consequently,
the total exergy efficiency of the whole plant 1t amounts to 10.6%. Moreover, the total exergy
residual Rit, mainly due to the exergy flow related to the ORC cooling water and to exhaust
gases exiting the plant, amounts to 739.6 kW. The total exergy destroyed to 5518 kW. It is
worth noticing that the total exergy destruction does not only regard the main component here
considered (gasifier, ICE and ORC), but the total plant including the heat exchangers and the
component of the syngas cleaning process, namely the scrubber and the separator, which are,
from an exergetic point of view, dissipative components.

As regard the parametric analysis, the total exergy of the fuel does not change since the
mass flow rate of rice husk and its chemical composition are constant.

Considering the gasifier ER ranging between 0.2 and 0.3, the total exergy produced varies
between 710.1 and 737.9 kW, presenting a maximum value for ER equal to 0.3. In fact, the
lower production of electricity is balanced by the higher exergy increment of the desiccant
current, characterized by a higher outlet temperature thanks to the specific operative conditions
of the gasifier.

The total exergy residual varies between 739.6 and 802.2 kW: this is mainly due to the
variation of the mass flow rate of the exhaust gases, which presents the lower value at ER equal
to 0.4. However, the decrease of residual exergy is compensated by an increase of the total
exergy production and of the total exergy destruction (from 5483 to 5518 kW), thus the total
exergy efficiency remains quite stable.
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Indeed, the global exergy efficiency ranges between 10.2% and 10.6%, with the
maximum value at ER equal to 0.3.

Considering the ER ranging between 0.3 and 0.4, as this variable increases the total
exergy production decreases from 737.9 to 595.1 kW: this is due to both the lower temperature
of the desiccant flow exiting the plant and entering the dryer and the lower electricity
production.

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

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

The global exergy efficiency presents a more marked variation, ranging from 10.6% to
8.51%.

6.3 Economic analysis

In this section, the economic analysis is presented and discussed.
In Fable74 Table 14 the main results are reported. The analysis is carried out by varying
the ER from 0.2 to 0.4 with a step of 0.05.

Table 74 14. Main results of economic analysis.

ER
0.20 0.25 0.30 0.35 0.40
JGas M€ 5.315 5.315 5.315 5.315 5.315
Investment Jice M€ 1.488 1.488 1.488 1.488 1.488
costs Jorc ke 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
Relsell k€ 225.4 212.8 200.2 167.0 116.0
Yearly Relav.purch k€ 11.98 11.98 11.98 11.98 11.98
revenues Rith,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 Coam k€ 360.6 360.6 360.6 360.6 360.6
costs Cash,disp ke 8.986 8.986 8.986 8.986 8.986
Crot k€ 369.6 369.6 369.6 369.6 369.6
Rot 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

As shown, the economic performances are only influenced by electricity sales Reisell,
whose production is influenced by the operative conditions of the gasifier and the ICE and by
the avoided cost of thermal energy R av; the other variables are kept constant.

In particular, the higher is the ER, the lower is the electricity production (as shown in the
thermodynamic analysis) and the related yearly revenue, which monotonically decreases from
225.4to 116.0 k€.
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Conversely, the avoided cost of thermal energy increases as the Er ER increases, ranging
from 35.60 to 78.82 k€: this is due to the higher temperature of the desiccant current entering
the dryer and then to the higher thermal energy exploitation.

Despite the increment of the avoided cost as the ER increases, the lower electricity
production highly affects the total yearly revenue R, which monotonically decreases from
784.8 to 717.8 k€.

Consequently, all the calculated economic indices, namely the SPB, the NVP and the PR
get worse as the ER increases. In fact, the SPB increases from 9.19 to 10.0 years and the NPV
decreases from 2.57 to 1.73 M€, which correspond a PR equal to 35.6% and to 24.0%
respectively.

Considering a plausible upper limit for the SPB equal to 5-6 years, the SPB obtained from
the analysis is considerably higher. Similarly, considering a plausible lower limit for the PR
equal to 50-60%, the PR came out from the analysis appears too low.

Therefore, the economic performances of the analysed system cannot be considered
satisfactory because of the higher investment costs needed for the dryer retrofitting.

Finally, it is worth noticing that the best operating conditions from a thermodynamic and
exergetic point of view, obtained for ER equal to 0.3, do not correspond to the operating
conditions that ensure the best economic performances, that are relevant to ER equal to 0.2.

CONCLUSIONS

A CHP system based on the thermochemical exploitation of rice husk is analysed from a
thermodynamic and economic point of view. The main power unit consists of an ICE fuelled
with syngas deriving from the biomass gasification, producing electricity to be sent in the
network. Moreover, ICE cooling water is exploited to fuel a bottoming ORC, whose electricity
produced is used for the system self-consumption.

The desiccant current for the rice drying pre-treatment is produced by exploiting in
cascade the thermal energy available from the hot syngas and from exhausts.

The system performances are studied through a parametric study performed as a function
of the gasifier ER (between 0.2 and 0.4), keeping constant the biomass flow rate, the dryer air
flow rate and the ORC operative parameters as imposed by the real rice manufacturer.

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

the related syngas LHV, while the thermal energy content of the exhaust gases increases due to
the higher outlet temperature of the exhausts. At nominal condition of ER equal to 0.3, the ICE
power output is equal to 1150 kWel with an electrical efficiency equal to 27.9%. The heat
recovery allows the air for the dryer to reach a final temperature of 124 °C. As regards the ORC,
it produces 76.3 kWel and it works with a thermal efficiency equal to 6.5%. The desiccant
current entering the dryer increases from 83.5 °C to 162.4 °C.
The ICE power derating under non-conventional feeding (syngas fuelling) is then better
assessed through the development of a more detailed 1D numerical model in GT-Power
environment: the engine power reduction ranges between the 30% and the 64% for an ER
respectively equal to 0.2 and 0.4. On the other hand, it is possible to achieve a 20% higher
thermal power of the exhaust gases under syngas feeding for ER of 0.4 and for advanced SOS.
Main findings also reveal an electric efficiency ranging between the 18% and 30% in the ER
range studied, while the thermal efficiency reaches a value equal to 63.8% for an ER equal to
0.4.

The exergetic and economic analyses are then carried out by taking into account results
from 1D simulations. At nominal operative conditions, the total exergy of fuel, represented by
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the exergetic content of the rice husk, amounts to 6995 kW. The total exergy product Py, given
by the power output of the ICE and by the exergy variation of the desiccant flow, is 738 kW
and the total exergy efficiency of the whole plant nwt amounts to 10.6%. The total exergy
residual Ryt is mainly related to the ORC cooling water and to exhaust gases exiting the plant
and it amounts to 740 kW. The total exergy destroyed amounts to 5518 kW, and it shows a
quite stable trend with ER variations.

In summary, the best operating condition from a thermodynamic and exergetic point of
view is the one relevant to an ER equal to 0.3, while the best economic performances are
obtained for an ER equal to 0.2.

As regards the economic analysis referred to the specific case study, the main findings
suggest the economic performances of the system cannot be considered satisfactory because of
the high investment costs. Even changing operating conditions, the improvements are quite
moderate. However, the study clearly show how use of CHP plant based on gasification process
that use residual biomass (possibly in a short chain area of 70 km radius) brings an high avoided
cost associated to disposal, realizing additional revenues from electric and thermal production.
This aspect, that fit with circular economy concepts, will promote the use of bio-energy systems
also when incentive mechanisms are lack or not yet provided or even high investment costs
seem discourage the diffusion of the technologies.
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