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Abstract

Sustainable biomass exploitation for combined heat and power (CHP) generation is fundamental to address concerns about
climate changes related to energy conversion systems. The aim of the work is to design a power plant able to satisfy energy
demands exclusively through renewable resources. A layout of a hybrid micro-gas turbine—solar plant fed by biomass from
agriculture products (olive pits) is modelled. It provides the coupling between a gasifier, dedicated to the biomass conversion
and a micro gas turbine, optimized for the operation with syngas. In particular, the MGT plant is integrated with a solar tower
field, able to provide a partial or complete fuel heating replacement depending on the amount of solar heat provided to the
working fluid reaching the turbine inlet temperature. After the solar field design able to reduce fuel consumption during diurnal
hours, a gasifier was integrated to obtain a syngas from biomass in place of the traditional natural gas. A parametric analysis
aimed to define the gasifier parameters is reported and allowed to obtain a syngas able to satisfy the power demands of the
MGT with good performances. The Thermoﬂex® commercial software is used to model the full plant. The results in terms of
efficiency and environmental impact are reported and compared to those obtained with the traditional natural gas-fuelled MGT.
© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The present paper focuses the attention on the respect of the principles concerning the improvement of the energy
efficiency, the reduction of the greenhouse gas emissions and the dependence upon traditional energy sources, by
considering the possibility of biomasses exploitation as renewable energy sources possibly combining it with solar
energy [1]. Sustainable biomass exploitation for combined heat and power (CHP) generation is fundamental to
address concerns about climate changes induced by energy conversion processes, hence to contribute to the so-called
resilient economy [2]. After all, countries in the Mediterranean area have the potential to be major contributors of
renewable energy in the world through the use of biomass.

A layout of a hybrid micro-cogeneration plant with solar tower fed by biomass from Agriculture product (olive
pits) is modelled. It provides the coupling between a gasifier, dedicated to the biomass conversion and a micro
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Nomenclature

CHP Combined Heat and Power
CSP Concentrated Solar Power
ER Equivalent Ratio

m Mass Flow Rate

MGT Micro Gas Turbine

NG Natural Gas

P Power

RISP Energy Saving in the Italian legislation
ST Solar Tower

TIT Turbine Inlet Temperature

1 Compressor inlet

2 Compressor outlet

2r Recuperator outlet (cold side)
2s Sola field outlet

3 Combustor outlet

4 Turbine outlet

4r Recuperator outlet (hot side)
o Air/fuel ratio

gas turbine, optimized for the operation with syngas. Micro gas turbines (MGTs) represent an efficient, widely
diffused solution both for smart-generation systems and integration with renewable energy sources. The operational
flexibility offered by gas turbines makes natural the coupling to a variable energy source, such as solar thermal
energy, and then eases the integration of the MGT plant to the solar tower field. Such layout allows to partially
meet the heat addition requirement or totally replace the fuel in the case that the only solar heat input is enough to
ensure that the working fluid reaches the TIT [3,4]. Among the various CSP technologies [5], over the last ten years,
solar tower technology has gained considerable development. In a solar tower system, the power collected from the
elliptical field is strictly dependent on the height of the tower and its position with respect to the field. The presence
of the tower allows fuel saving during the diurnal hours while the system can operate in a pure combustion mode
during night hours. In a previous work [6], the author considered a hybrid plant MGT/solar tower performing an
economic-thermodynamic analysis to design the solar field. Numerical results are compared with the data available
from standard micro gas turbine plant.

An attractive renewable energy to comply with the problems such as fossil fuel depletion and environmental
pollution is the biomass resource. Biomass gasification directly produces a syngas that replaces fossil fuel, mainly
through thermochemical conversion of biomass waste [7]. To convert biomass into gaseous fuels there are essentially
three thermochemical methods: gasification, pyrolysis and combustion. Many authors [8—16] are considering and
applying the gasification that presents many advantages especially if the power plant is integrated with a solar energy
system [17]. A state of the art of the fluidization technology for the biomass gasification is reviewed in [18], where
different gasifier types, technologies and influence of process parameters on the syngas are discussed. Through
gasification it is possible to produce a syngas for heat or electricity production in engines with low emissions
compared to the traditional combustion. Moreover, it is possible to obtain a fuel with a high amount of hydrogen
in addition to components such as CO, CO, and CHy. The gasification can produce a better fuel (syngas with
higher LHV) if pure oxygen is exploited [8]. Many authors investigated the bio-hydrogen production via biomass
air gasification focusing on agricultural wastes and olive kernels by bubbling fluidized bed gasifier [19,20]. The
gasification process at higher temperatures reported higher carbon conversion and gas yield, despite decreasing the
LHYV of the gas when increasing the air flow rates [21,22].
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Fig. 1. Layout of MGT power plant with the solar tower integration.
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Fig. 2. MGT thermal cycle.

2. Hybrid cogenerative plant with CSP-MGT integration

In this section, the CHP plant, object of the research, is described and an energy balance performed. The plant is
designed to produce electric power and hot-water by using a cogenerative micro gas turbine (MGT). The micro gas
turbine plant in Fig. 1 shows also the presence of a solar tower (ST) along the air flow path after the recuperator (R),
and in Fig. 2 the thermal cycle is reported. In this way, higher temperature levels of the air entering combustor were
obtained, reducing fuel consumption. The system can operate in a pure combustion mode when solar irradiance is
weak or completely absent such as during the winter or night, respectively. The analysis is based on the simulation of
the overall plant by the Thermoflex software able to realize a model with several components. The power unit is a 30
kW Capstone micro gas turbine and Table 1 shows its datasheet. In previous papers [3,4,6] the authors demonstrated
that the plant response is directly affected by the daily and yearly variations in solar irradiance and temperature.
In particular, in [6] a thermo-economic analysis has been made in order to choose and size appropriately the solar
system considering both the environmental impact and the overall cost. At present, a new design of the solar plant
has been realized and several calculations have been performed to simulate the hybrid MGT-solar plant by varying
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Table 1. C30 micro gas turbine datasheet.

MGT characteristics

Recuperator Efficiency 0.877
Electric efficiency 26 (£2)%
Pressure Ratio 3.45
Turbine inlet temperature (K) 1173

Net Power output 28 kW(+/-1)
Exhaust Mass flow (kg/s) 0.3

Speed (rpm) 96000
Exhaust gas temperature (K) 548
Compressor polytropic efficiency 0.78
Turbine polytropic efficiency 0.80

Table 2. Solar design parameters.

Solar field characteristics Value Unit
Heliostats number 5 -
Field surface 237.2 m?
Solar tower Thermal power 104.3 kW
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Fig. 3. Total year cost vs solar field surface.

the operating conditions with the aim to identify the optimum sizing of the solar system that reduces the overall
annual costs. The calculations were referred to a year (2016) and latitude (Naples, Italy), by changing the surface
area of the mirrors, in the diurnal hours and considering the ambient temperature variation. The target was to obtain
an air outlet temperature (7»5) equal to TIT (1173K) to save fuel during the solar hours. The design condition was
identified with the minimum point of the total cost function versus mirror surface, as shown in Fig. 3, obtained by
the annual consumption of natural gas (NG) fuel and plant costs. The solar design parameters are summarized in
Table 2. In Table 3 the results are summarized in terms of annual costs, power and year average CO, emissions.
The latter result shows that during solar hours the emissions are considerably reduced compared to the night value
when the tower does not work. As a matter of fact, comparing the two plants with (Table 3) and without solar field
(Table 4), a 67% reduction of CO, in the daily hours through the solar tower system is observed. In Fig. 4, the
carbon dioxide emissions during a year are represented: as expected, the daily amount varies from month to month,
due to the solar irradiance change and, as a consequence, to the different specific fuel. The electric power (Fig. 5)
available in diurnal hours is 25.9 kW (Table 3), so lower than the one obtained by the nominal MGT fuelled only
by natural gas (Table 4), due to flow losses through solar tower. The efficiency calculated by Eq. (1) decreases
during diurnal hours when solar tower works and its average value is of 23.7% versus the 25.2% during the night
hours.

_ Net Power
" SolarHeat + Fuel Heat

n (D
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Table 3. Hybrid MGT+Solar plant results.

Results Value Unit
Year fuel cost 31023 €/year
Total year cost 35655 €/year
Specific year cost 0.15 €/kWh
Average diurnal electric power 25.9 kW
Average night electric power 29.9 kW
Average electric power 27.9 kW
Average diurnal CO, emissions 0.386 kg/kWh
Night CO; emissions 0.813 kg/kWh
RISP 615.40 MWh

Table 4. MGT without solar Tower results.

Results Value Unit
Total year cost (fuel cost) 21104 €/year
Specific year cost 0.079 €/kWh
Average electric power 28.0 kW
Average CO, emissions 0.849 kg/kWh
RISP 96.74 MWh
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Fig. 4. CO; emissions trend in a year.

Finally, the energy saving (named RISP, Eq. (2)), the primary energy saving achieved by the cogeneration unit,
is reported in the same Table 3 and it is equal to 615MWh.

E H
RISP — —car | Hcnr

— Fcnp ()
NeREF NthREF

Where: Ecpp is the electricity produced by the cogeneration unit [MWh]; Hcyp is the useful thermal energy,
produced by the cogeneration unit [MWh]; n.grer is the conventional electric efficiency; n,,geF is the conventional
thermal efficiency; Fcyp is the fuel energy used by the cogeneration unit [MWh].

3. Hybrid MGT-solar plant with gasifier

In a second step of the work, a gasifier was introduced in the hybrid CHP plant to produce a syngas by olive
pits to feed the plant in the night hours or when the solar irradiance is not enough to supply the desired thermal
power, replacing natural gas fuel. A thermodynamic analysis was made to design a power system which produces
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Fig. 6. Hybrid MGT-solar power plant with olive pits gasifier.
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electrical energy and heat exclusively from renewable sources. The Thermoflex software is used to model the olive

pits gasification process too. In Fig. 6 the complete plant is represented and in Table 5 the biomass characteristics

are reported. A one-stage slurry gasifier with two coolers was chosen from software library and the equivalent ratio

was imposed. The air/fuel equivalence ratio, defined as ratio of the air used in the system to the stoichiometrically

demanded air, constitutes a significant factor because it influences the process. In fact, both temperature and ER

significantly affect the gasification process and the heating value of the produced syngas [22]. Its value typically

ranges from 0.2 to 0.4 for biomass gasification as reported in [23]. To evaluate the air amount to be introduced in

gasifier, the stoichiometric ratio was calculated as reported in [24]:

< Mair ) 4.31% 8wy + 2.667w. + ws — wp)
ast = = = 63
stoich

1 fuel 100

3)

in which wy, we, wg, wo are hydrogen, carbon, sulphur and oxygen mass fractions respectively.

https://doi.org/10.1016/j.egyr.2019.10.026.
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Table 5. Biomass characteristics.
Fuel Name: Olive Pits

Total LHV + Sensible heat @ 25C 18758 kJ/kg
Ultimate Analysis (weight %)

Moisture 6.08 %
Ash 1.62 %
Carbon 49.57 %
Hydrogen 6.28 %
Nitrogen 0.42 %
Chlorine 0.04 %
Sulphur 0.05 %
Oxygen 35.94 %
Total 100 %

titgiy

The Equivalence Ratio being equal to: ER = —— 2ot
<’hf”"] )staich
o = .atr =ER*<.alr) (4)
m fyel M fuel / stoich.

Assuming ER = 0.2, after a sensitivity analysis, the air/fuel ratio o« = 1.26

In this condition, the gasifier works at 652 °C, with an efficiency of 89%; at design point the maximum syngas
flow rate (night hours) is of 0.0163 kg/s and it exits from the first syngas cooler at 320 °C and then leaves the second
cooler at 250 °C. The syngas presents an LHV (Lower Heating Value) equal to 7506 kJ/kg and its composition is
shown in Table 6. A third syngas cooler (block 23 in the plant scheme) is inserted in the system to lower the syngas
temperature entering the cleaning system able to reduce H,S contents upstream the MGT combustor. The latter heat
exchanger produces hot-water at 60 °C too. Moreover, the presence of the liquid water in syngas entering combustor
(see Table 6) at 15 °C, imposed a water separator too, as shown in the scheme of Fig. 6. It is worth noting that
combustor of this MGT adapts very well to biomass derived fuels, as demonstrated in previous papers [25,26].

Table 6. Syngas composition.

Species Mole%
CO 22.03
CO, 12.36
CHy 12.17
H 11.90
H>S 0.0002
H,O 3.164
COS 0.001
N> 3791
Ar 0.4545

3.1. Results

In this section, the results referred to hybrid plant with gasifier carried out by using the Thermoflex software
are reported. At first, the performance of the plant in this new configuration with biomass supply is taken into
consideration. The electrical net power versus day hours is reported in Fig. 7, calculated for a specific day on July,
as an example, by varying the solar irradiance value and ambient temperature. The syngas fuel, although presenting
a lower LHV value, allowed to reach the gas turbine nominal power. At the same time, the compressor is kept
inside its operating domain, without modifications to the current plant configuration despite the higher fuel flow
rates with respect to natural gas. Once the plant has been designed, it works in off-design mode, considering the
characteristics of the compressor, turbine and exchangers. In Fig. 8 the air mass flow rate through the compressor
versus hours of the day is reported. In this case, power reduction is basically due to high temperature and solar
tower losses, rather than the air flow rate decrease. In fact, in this specific day, the situation is particularly critical for
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Fig. 8. Compressor air flow rate versus hours in a day.

the gas turbine since the ambient temperature is very high, resulting in a reduction of the specific work. Actually,
the ambient temperature influences the gas turbine operation and therefore the net power, as expected.

In Fig. 9 the syngas fuel input entering combustor, compared with natural gas input, is reported: the first presents
a higher amount respect to natural gas heat power.

In Fig. 10 the plant efficiency is reported during the same day, according to Eq. (1), where for this plant the fuel
heat represents the fuel source (biomass) entering gasifier. In this new configuration, the average plant net electric
efficiency is equal to 21.26% during the night hours calculated in a year, when the tower is out of service and only
gasifier works, therefore lower than the average value (25.2%) obtained by original MGT plant fuelled by natural
gas. This difference is due to the presence of the gasifier that introduces additional losses. It is important to note that
the efficiency is lowered when the tower heat contribution is strongly reduced (for example at 5 a.m.), introducing
predominantly losses. In these hours with a very low solar irradiance, it would be advisable to bypass the tower
to maintain high efficiency values around 21%. When irradiance increases, a global efficiency rising is observed
(Eq. (1)) and in particular when solar irradiance is enough to allow gas turbine to reach the fixed TIT, the gasifier
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goes out of service and the efficiency strongly increases. Both heat inputs are represented in Fig. 11 distinguishing
the contribution of the solar tower from that of the biomass entering the gasifier.

An increase in thermal power from the third exchanger (block 23 in Fig. 6) downstream of the gasifier is added
to the heat recovery unit, already present in the basic configuration of CHP plant producing an average heat power
of 55 kW. This additional thermal power, varying during the hours of the day and months of the year based on
the gasification system operating conditions, presents an average value of 2.77 kW in the diurnal hours and of 8.8
kW during the night hours. The trend obtained in a year is reported in Fig. 12 by varying irradiance value and
naturally during the summer the amount of heat obtained from this exchanger is reduced, the work of the solar
tower prevailing.

Finally, Fig. 13 shows the comparison of CO, mass flow rate, in dependence of syngas and natural gas fuels,
for the same day of the year. There, an increase of CO, mass flow rate is observed for the former fuel, due to the
high amount of this specie in the syngas composition and to the increase of fuel consumption. In Fig. 14, the CO,
emission in kg/kWh is plotted as a function of the months of the year. As expected, the amount of CO; increases in
the winter period with reduced solar irradiance, showing in any case a higher value than that obtained with natural
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gas (see Fig. 4). The average value in a year is now 0.815 kg/kWh in diurnal hours and 1.656 kg/kWh in night
hours, higher respect to the values reported in Table 3 for natural gas fuel.

4. Conclusions

In the current preliminary research an early MGT-solar system, optimized by following a thermo-economic
approach, was made totally “green” with the integration of a biomass gasifier. It produces a syngas by olive pits
replacing natural gas as fuel. The response of the syngas-fuelled plant can be considered as satisfactory in terms
of net power obtained at the expense of overall efficiency referred to biomass input, because of the losses in the
gasification process. Besides, the characteristics of the syngas are very different from natural gas with a smaller
LHYV value leading to an increase in fuel flow rates displacing the operating point of dynamic machines, without
inducing critical situations in several plant operating conditions.

In the plant with gasifier, there is also a further heat availability, which is added to that already obtainable from
the CHP base plant. This promotes cogeneration and improves the primary energy saving factor.

As expected, the CO,emissions will be greater than those produced by the original plant fuelled by natural gas,
due to the presence of this specie in the fuel composition and higher fuel consumption. Anyway, the biomass is
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considered to be a CO,-neutral fuel because plants absorb CO, from the atmosphere through photosynthesis, and
it emits the same amount of CO; from burning.

In this study the profitability of the investment of the whole hybrid MGT-solar plant with gasifier was not
considered but positive results are expected in future works investigating the sold energy, government incentives
and the cogeneration for industrial or residential heat demand.
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