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Abstract

Nowadays, the development of new power plants capable of effectively using non-conventional energy sources is strongly
desirable in order to obtain a significant reduction in costs of energy. In this regard, this paper proposes a new small scale (about
100 kW) combined cycle plant which can be fired externally by any kind of biomass. Particularly, the research activity presented
here is concerned with the preliminary design of this innovative plant, which will be built, by means of a project funded by
“Apulia Region”, at the LabZero Research Centre of Polytechnic University of Bari in the south of Italy. The goal of the paper is
to demonstrate the effectiveness of the plant in terms of energy efficiency and availability and reliability of its components. The
plant is mainly composed of a centrifugal compressor and a centripetal turbine of an automotive turbocharger, with the working
fluid (clean air) being heated in a high temperature heat exchanger (HTHE) by using hot flue gases produced in an external
combustion chamber burning biomass. The clean hot air expands in the turbine and then feeds the combustion chamber, where
biomass is burned. In order to increase the efficiency, the flue gases exiting the HTHE are delivered into a heat recovery steam
generator to generate water steam which can finally expand through a rotary actuator. Two configurations, employing an open
Rankine cycle and a close one respectively, are analysed, and the use of biomass is compared with methane.
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1. Introduction

In spite of the insistent calls of the international community about energy saving, current energy systems are still
strongly based on the use of fossil energy. The past years highlighted the long-standing problem of energy supply,
especially for those countries that are subject to lack of fossil sources, whose availability is often expensive and
jeopardized by geo-political aspects. Thus, it is necessary that research focuses on the development of novel
technologies and methodologies for electricity generation that have the potential to save energy and increase eco
sustainability. A solution is represented by the decentralization of power generation, employing small size plants
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fired by unconventional fuels such as biomass [1,2,3] (i.e. pellets [4] or discarded agricultural by-products) for
distributed energy generation. Since biomass is largely available and given its low impact in terms of pollutant
emissions [5], a more thorough evaluation of its potentiality is a mandatory step to decouple power generation from
large scale plants, which can only be powered by fossil fuels.

In this scenario, the purpose of this work is to design a small size combined cycle power plant that greatly fits with
energy demands typical of limited urban areas, i.e. community housing, leisure centres, tertiary sector users, sport
centres, hospitals or supermarkets. The pilot plant will be located in Apulia (south of Italy), and this kind of plant is
interesting especially for those regions, such as Apulia, that offer a widespread availability of agricultural and
forestry waste products to be used as biofuel, e.g. those deriving from the cultivation of olive trees [4,6,7] (in
Apulia, the quantity of olive trees is estimated around the 40 millions of units). The strategic aspect of great
importance is that the biomass supply can be feasible at competitive costs; however, it must be considered that some
typologies of biomass are annually available over a limited period, for example, olive oil by-products (vegetation
water, olive pomace, exhausted peanut residue) are available in Apulia only from mid-October to late February. For
these reasons, the proposed power plant is designed in order to allow burning of most of the biomass derived from
agricultural and forestry wasted products typical of Apulia, such as hazelnut shells, cherry stones, grape seeds,
almond shells, olive stones, etc. This multi-fuel approach is allowed by the similar LHV values of such agricultural
by-products. It is obvious that, in case of unforeseen lack of biomass fuels (e.g. caused by inefficiency of collection
systems, packaging, transport and storage systems [7,8,9,107), natural gas or other clean fuels can be employed in
place of biomass and burned in a commonly used combustor for gas turbines [11]. This strategy can allow both a
smart use of the available fuels and maintenance of the biomass combustor, in fact the temporary use of clean fuels
can allow cleaning devices to remove ash from the combustor (the biomass combustion implies large production of
ash).

The operating principles of this novel small power plant are described in detail in this paper, particularly two
different configurations are proposed in the next sections. Afterwards, the mechanical and thermal components are
described, and their availability and reliability are discussed. Finally, the results of the numerical simulations,
achieved with the Gate-cycle software and an Excel program to predict the efficiency of both the configurations, are
shown and discussed critically.

Nomenclature

Gy air mass flow rate
Gg fuel mass flow rate
Gy steam mass flow rate
P, electrical power

D pressure

h enthalpy

T temperature

HRSG heat recovery steam generator
HTHE heat temperature heat exchange
LHV  lower heating value

Pc compression ratio

ATy, AT at pincth point

e heat exchanger efficiency
g plant (electrical) efficiency
Nis isentropic efficiency

N Combustion efficiency

Ay water latent vaporization heat



https://www.researchgate.net/publication/235235825_Biomass_Utilization_In_Dual_Combustion_Gas_Turbines_For_Distributed_Power_Generation_In_Mediterranean_Countries?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/258028012_Simulation_of_a_Micro_Turbine's_Dynamic_Behavior_in_a_Biomass_Incineration_Power_Plant_Based_on_the_Pebble_Heater_Technology?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/251628695_Influence_of_process_parameters_and_biomass_characteristics_on_the_durability_of_pellets_from_the_pruning_residues_of_Olea_europaea_L?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/251628695_Influence_of_process_parameters_and_biomass_characteristics_on_the_durability_of_pellets_from_the_pruning_residues_of_Olea_europaea_L?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/231271033_Combustion_and_Co-combustion_of_Biomass_Fundamentals_Technologies_and_Primary_Measures_for_Emission_Reduction?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/232396625_Study_of_a_downdraft_gasifier_and_externally_fired_gas_turbine_for_olive_industry_wastes?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/222734618_Perspectives_for_the_use_of_biomass_as_fuel_in_combined_cycle_power_plants?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/222734618_Perspectives_for_the_use_of_biomass_as_fuel_in_combined_cycle_power_plants?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/267500656_Review_of_Heat_Exchanger_Studies_for_High-Efficiency_Gas_Turbines?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==
https://www.researchgate.net/publication/256352627_Thrust_Control_of_Small_Turbojet_Engines_Using_Fuzzy_Logic_Design_and_Experimental_Validation?el=1_x_8&enrichId=rgreq-305afaef4fb46e592ac98818df25a405-XXX&enrichSource=Y292ZXJQYWdlOzI5MDAxMDc1OTtBUzozNDA2MzU5MDQxNjc5MzlAMTQ1ODIyNTMzNjIwOQ==

242

R. Amirante et al. / Energy Procedia 81 (2015) 240 — 248

2. The small size combined plant

In this section, the proposed novel combined-cycle plant for electricity generation from biomass is described;
particularly, two possible configurations are analysed in detail. As mentioned earlier, the final goal of this research
project, funded by Apulia Region, is to build a pilot plant at the so-called “Lab Zero Research Centre” of
Polytechnic University of Bari in the south of Italy. For simplicity and costs reasons, only the first configuration will
be realized and tested experimentally. The components will perfectly be harmonized by means of customized
solutions that are available on the global market, simplifying the installation and ensuring their efficient operation
for long periods. An important step will be the choice of reliable control techniques/strategies fitting with the small
scale electricity production [11]. The employment of different devices will require the implementation of an
integrated PLC system, in order to centralize the control of the whole plant and make it effective and flexible. The
employment of a "Cloud" platform will enable a fully monitoring action, meeting the targets defined by the
European program "strategy 2020”.

2.1. First configuration: open Joule Bryton cycle combined with an open Rankine cycle

Figure 1 shows the first configuration of the plant layout, which is constituted by an open Joule Bryton cycle
(topping) and an open Rankine cycle (bottoming). The former is performed by means of a small scale externally
fired gas turbine (EFGT) which is constituted by an external combustor, a high temperature heat exchanger (HTHE)
and a compressor moved by a gas turbine coupled with the first electric generator. After being compressed, the air is
conveyed to the HTHE, which recovers the heat from the flue gases exiting the external combustor, in order to
transfer it to the compressed air. The clean hot air expands in the turbine and then feeds the external combustor
chamber for burning biomass. The exhaust gas exiting the HTHE are used in a heat recovery steam generator
(HRSG) to generate water steam which can expand through a steam actuator moving the second electric generator.

Biomass
High
Temperature
Heat 5 |Combustor 7] K Pump
Exchanger
Ak Haygl
Heat
2 3 Recovery
Steam E
c T @ | I Generator
1 gL

Figure 1 - First layout of the combined-cycle plant, including a compressor coupled with a turbine which provides power to an electrical
generator, a gas to gas heat exchanger, and an external combustor. The exhaust gases are then delivered to a HRSG for generation of steam to be
delivered to a rotary expander, which moves another electrical generator. Hot steam exiting the expander (outlet section F) can be used for
technological purposes.

Because of the small flow rate of steam produced, a rotary expander can be used in place of a steam turbine, which
is commonly used in medium and large scale combined cycle power plants. In this configuration, the hot steam
discharged from the steam expander can be utilized for technological purposes and the pump refills the plant with
new and demineralized water.
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2.2. Second configuration: open Joule Bryton cycle combined with a closed Rankine cycle

Figure 2 shows the second configuration of the plant layout, constituted by an open Joule Bryton cycle and a closed
Rankine cycle. Similarly to the first solution, the bottoming cycle is performed by means of an externally fired gas
turbine (EFGT) constituted by a compressor, a high temperature heat exchanger (HTHE), an external combustor,
and a turbine coupled with the electric generator. The difference with the former solution is given by the Rankine
cycle, which is closed loop, and the typical components of a steam cycle, i.e. a condenser, a degasser, etc., are
required. Also in this case, the steam generator (HRSG) generates water steam which then expands through a steam
actuator coupled with the second electric generator. The expanded steam is delivered to a condenser and a pump
recirculates water from F to K in a closed loop.
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Figure 2 - Second layout of the combined-cycle plant; the scheme is equal to the one of Figure 1, except for the bottoming cycle which is closed
and requires a condenser and a degasser.

2.3. Availability and reliability of the components

The proposed plant represents a promising and reliable generation system, which offers advantages in terms of
flexibility and efficiency [7], and the feasibility is proved by the commercial availability of its components. By
virtue of the maximum values of temperature and pressure which are compatible with thermo-mechanical resistance
limits of typical automotive turbo-chargers, a cheap turbo-charger can be used in alternative to a more expensive
microturbine. In fact, existing micro-turbines are quite expensive and modifications to their structure are not allowed
by manufacturers, therefore the prototype will employ an automotive turbo-charger, e.g. type GARRETT
GTX5518R (or other ones with similar performance), to perform compression and expansion of clean air.

The external combustion of biomass can be accomplished only by the use of a gas to gas heat exchanger that has to
transfer heat from the flue gas to the clean air flow effectively. The design of such a gas-to-gas heat exchanger is not
a trivial task, since it operates at high temperature and is interested by significant thermal deformations and stress;
furthermore it must ensure low pressure drops on both sides and a low heat loss towards the ambient. Technical
solutions provided to date refer to the design of recuperators for small- and micro-turbines, where the employed low
pressure ratios make the heat recovery mandatory. Such recuperators can only operate under conditions of very
small flow rate and/or low maximum temperature, therefore their use is not possible in large externally fired gas
turbines. In contrast, their use is more profitable in the proposed small externally fired plant and their application
will be investigated in future works. Alternatively, a high efficiency gas to gas heat exchanger based on ceramic
particles as intermediate medium, proposed in [12,13,14], can be used.

An optimization procedure, presented in [15,16], could be utilized in future works to reduce size and increase
efficiency of the heat exchanger chosen.
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With regard to the biomass combustor, either a fluidized bed combustor or a standard furnace are largely available
on the market and can be used to perform combustion of biomass with the high temperature air discharged from the
turbine. Nowadays, furnaces for biomass are characterized by excellent efficiency, estimable around the 90%,
thanks to sophisticated technologies which allow the combustion process to be constantly monitored in order to
minimize losses [17,19]. However, there are still unresolved problems, due to the complexity of the burning
process, which need to be faced up, such as the relatively low melting temperature of ash and variation in fuel
properties (e.g. moisture content, calorific value, geometric shape and size). Furthermore, the stable biomass
combustion is not completely reachable, because of the generation of ash slagging and fouling which negatively
affect the lifetime of combustion equipment [17]. A further drawback is represented by the low quality of biomass
fuels [17,18], and the large emission of CO and hydrocarbons due to the incomplete combustion. These problems
can be overcome by the employment of a furnace that performs the thermal decomposition of the fuel in different
stages in order to facilitate the reduction in pollutant emissions.

With regard to the HRSG, actual heat recovery boilers are certified in accordance with the Pressure Equipment
Directive, and usually consist of a highly efficient tubular heat exchanger. Because of its compact dimensions, this
choice could fit with the aforementioned attempt to minimize the size of the whole plant. Given the usual easy
installation, typical of small size steam generators, this component will be effectively harmonized with the system,
and should be insulated with effective heat-insulating materials. Furthermore, a wide range of services such as
customized maintenance packages are available on the global market to ensure long maintenance of this component.
In order to reduce corrosion and fouling in the boiler, the plant needs to be also equipped with demineralization and
degassing systems, which require the use of special solvents that maintain acceptable values of both the pH and the
water hardness.

Concerning the steam expander, it can be chosen among available micro steam turbines or rotary air compressors
(e.g. a screw compressor or, alternatively, a vane compressor), working in reverse mode, and suitable to the steam
expansion compatibly with the low mass flow rate of steam.

3. The numerical models

The performance of the two configurations was predicted by using an Excel program, capable of solving the
governing equations by means of the ‘“false position” method, and by using the Gate-Cycle® software
[20].With regard to the Excel program, it is essentially based on a system of equations with the assumption that the
working fluid is semi-perfect. Specifically, concerning the combustor, the energy balance is governed by the
following equation:

05 Gy LHV = (Gy + G5)(hs - ha) (1)

The left-hand side of this equation represents the thermal power generated by the combustion, with 75 representing
the combustion efficiency and LHV denoting the lower heating value of the employed fuel. The right-hand side is
indicative of the enthalpy variation of the air mass flow rate, G4, mixed with the fuel mass flow rate, Gz. The terms
hs and h; denote the enthalpies at the combustor outlet and at the turbine outlet, respectively. With regard to the
HTHE, the power balance is given by the following equation:

Ga (hs - hz) = (G4 + Gg)(hs - hs) (2)

with £, , h;being the enthalpy of the air at the inlet and outlet of the HTHE, and %4 being the enthalpy of the flue gas
at the exit of the HTHE before being conveyed to the HRSG. Its effectiveness is defined by the efficiency ¢
according to the following expression:
o= (s —ha) )
(hs — h2)
Since current HRSGs excel in terms of effectiveness because of the effective heat-insulating materials employed, the
heat dispersion can be neglected, and the thermal power balance in the HRSG can be written as:
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(Gy + Gy) (hs - h;) = G5 (he - hy) + Gs Ay + Gs (he - hp) (4)

where Ay is the latent heat of vaporization of water, % is the enthalpy of the exhaust gas at the exit of the HRSG, /¢
and A denote the enthalpies of the water at the exit and inlet of the economizer respectively, while Az and &, are the
enthalpies of the steam at the outlet and inlet of the superheater . The steam enthalpies 4z and i (enthalpy at the
outlet of the steam expander) can be retrieved from the Mollier diagram after the steam pressure and temperature are
set. Knowing the values of /1 and i and the steam mass flow rate, Gs, the available power output from the expander
is easily calculable. With regard to the pressure condensation py, it is equal to the atmospheric value in the first
configuration (Figure 1), while it can become lower in the second configuration (Figure 2).
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Figure 3 - Model of configuration 2, screenshot from the Gate Cycle Software . The numbers and symbols are reported in the diagram coherently
to the analytical equations

The thermodynamic simulations were also carried out by means of the Gate-Cycle software [20] for different types
of fuel, in order to find the best efficiency point and to compare the results with the Excel program.

As is well known, GateCycle is commercial software for quick and easy monitoring of plant performance and for
predicting design and off-design performances of combined cycle plants, fossil boiler plants, cogeneration systems,
combined heat-and-power plants, advanced gas turbine cycles and many other energy systems. Figure 3 shows the
component-by-component approach used to model the second configuration (Figure 2).

4. Results and discussion

Since the purpose of this work is to evaluate the efficiency of the new small size combined system employing
unconventional fuels, the calculations were carried out changing the design parameters and comparing the results
obtained with methane and those obtained with biomass.

A first calculation was performed to compare the two proposed configurations assuming that the fuel is methane.
The calculation was performed using the map of a typical automotive turbocharger, specifically GARRETT
GTX5518R, suited to achieving an electrical power of about 100 kW.

The results of the calculations performed with methane fuel are shown in Table 1, which compares configuration 1
with configuration 2.

Note that, as expected, the efficiency is higher in configuration n. 2, because of the lower pressure at the exit of the
expander. However, the layout proposed in configuration n. 2 is more complex than configuration n. 1 for the
presence of a steam condenser, which can become a limiting factor for the commercialization of small-scale plants.
Furthermore, the open Rankine cycle proposed in configuration n. 1 can allow the utilization of the hot steam
discharged from the steam expander for technological purposes thanks to its high temperature (about 100 °C). In
contrast, the steam discharged from the expander in configuration n. 2 is characterized by very low temperature
(about 45 °C), for which cogeneration is unusual.

To demonstrate the feasibility and flexibility of the proposed plant to burning biomass, the following calculations
were carried out employing pellets, whose LHV is estimable around 19000 kJ/kg and is similar to the one of other
agricultural wasted products, for instance hazelnut shells, cherry stones, grape seeds, almond shells, olive stones,
etc.
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The results of these simulations are shown in Table 2 and compared with the numerical predictions achieved
assuming that the fuel is methane; both cases are concerned with configuration 1. It is noteworthy that the values of
the main parameters are not significantly different in the two cases, apart from the higher value of Gzrequired by the
use of biomass, due to its lower LHV. In particular, the similar values of the temperature in the critical points allow
the use of a multi-fuel supply. In fact, similar values of temperature also imply similar thermal stresses for the
materials employed in this kind of application, which can consequently afford the multi-fuel strategy, stemming the
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risk of early corrosion and oxidation of the components [18,19,21,22,23].

Table 1 — Thermal parameters firing Methane (comparison between configuration 1 and configuration 2).

Parameter Units Values config. 1 Values config. 2
Gy Inlet air mass flow kg/s 0.6804 0.6804
e Air compression ratio - 3 3
Nis.c Isentropic compressor efficiency - 0.75 0.75
np Combustor efficiency kW 0.98 0.98
£ heat exchanger efficiency - 0.80 0.80
Gg Fuel mass flow rate kg/s 0.006468 0.006468
P, Turbogas electrical power kW 76.54 76.54
Tis.e Expander isentropic efficiency - 0.5 0.5
AT,, AT at pincth point °C 15 15
G, Steam mass flow rate kg/s 0.05375 0.05375
Dy Steam pressure Bar 10 10
Tg Steam temperature °C 225 225
Dk Condensation pressure Bar 1 0.1
T, Discharge temperature °C 168.4 151
P,y  Steam expander power kW 10.93 19.18
P, Overall electrical power kW 87.47 95.72
7, Plant efficiency - 0.2705 0.2960
Table 2 — Comparison between Methane and Biomass (predictions of configuration n. 1)
Parameter Units Methane config. 1 Biomass config. 1
Gp Fuel mass flow rate kg/s 0.006468 0.01887
1 Combustor efficiency 0.98 0.9
T3 Turbine air inlet temperature °C 878.9 878.9
Ts HTHE gas inlet temperature °C 1047.3 1047.3
Ts HTHE gas outlet temperature °C 354.4 367.5
T, Discharge temperature °C 168.4 166.2
Rp Power ratio (P g/ Poy,) - 0.1428 0.1575
P, Overall electrical power kW 87.47 88.60

Table 3 — Thermal parameters firing Methane and Biomass comparing the Excel program with GateCycle (configuration 1).

Parameter Units Excel program GateCycle  Excel program GateCycle

FT Fuel type - Methane Methane Biomass Biomass

Gp Fuel mass flow rate kg/s 0.006468 0.006468 0.01887 0.01887

P, Turbogas electrical power kW 76.54 78.80 76.54 78.2

P,y  Steam expander power kW 10.93 10.05 12.05 11.45

P, Overall electrical power kW 87.47 88.85 88.60 89.65
Plant efficiency - 0.2705 0.2747 0.2471 0.2500

g
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Finally, Table 3 reports the comparison between the results of the calculations achieved by the Excel program and
the numerical predictions provided by the GateCycle model [20], in the case of Methane and Biomass. The results
show a good agreement between the two models, proving the validity of some simplifications assumed in the Excel
program (e.g semi-perfect gas).

5. Conclusions

This paper presented an innovative small scale combined cycle power plant (about 100 kW), externally fired by
biomass such as agro-industrial by-products, largely available on the national territory and particularly on Apulia
Region. The plant is expected to be realized at the laboratory “LabZero Research Center” of Polytechnic University
of Bari very soon. Two configurations were analysed in the paper: the first one is constituted by an externally fired
gas turbine (topping cycle) and an open steam cycle (bottoming cycle), whereas the other one combines the fired gas
turbine with a closed steam cycle. The availability and reliability of the plant components proves the feasibility of
both the solutions. Particularly, a cheap turbo-charger can be used in place of a more expensive microturbine, while
the difficulties related to the design of the high temperature heat exchanger can be overcome by using some of the
solutions proposed in the scientific literature such as the immersed particle heat exchanger. A crucial component is
the steam expander, which can be chosen among the available micro steam turbines or rotary air compressors (e.g. a
screw compressor) to be used in reverse mode. With regard to the biomass combustor, either a fluidized bed
combustor or a standard furnace are largely available on the market and can be used to perform combustion of
different types of biomass. In order to allow both a smart use of the available fuels and maintenance of the biomass
combustor, natural gas or other clean fuels can be used in place of biomass and it burned in a commonly used
combustor for gas turbines. Accurate numerical predictions achieved with a program realized in Excel show that the
novel small combined cycle is capable of providing high energy efficiency with respect to typical small scale plants
for distributed energy production.
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