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ABSTRACT 

 
This paper presents a thermo-economic analysis of small scale Combined Cycle power plant composed 

by a Micro Gas Turbine (MGT) and a bottoming Organic Rankine Cycle (ORC) for cogenerative 

application. For the topping cycle three different configurations are examined: 1) a simple recuperative 

micro gas turbine fuelled by natural gas, 2) an externally fired gas turbine (EFGT) with direct 

combustion of biomass, and 3) a dual fuel EFGT cycle, fuelled both by biomass and natural gas.  

For the bottoming cycle, a saturated recuperative Rankine cycle is examined under two different 

condensation temperatures, in order to vary the ratio of heat to power generated. The research assesses 

the global energy efficiency and profitability of the different schemes, as a function of the thermal 

energy demand intensity, represented by the annual equivalent heat demand hours. 
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1. INTRODUCTION 
Small scale CHP (Combined Heat and Power) generation can contribute to a number of energy and 

social policy aims, such as the reduction of greenhouse gas (GHG) emissions and fossil fuel depletion, 

reduction of energy costs, increased decentralization of energy supply and improved energy security.  

The use of biomass as an integrative energy source in natural gas fired plants has been widely addressed 

in literature [EC, 2009a,b; Franco and Giannini, 2005]. In small size range (50 kWe- 1 MWe), one 

interesting option is the use of dual fuel biomass/natural Micro Gas Turbines (MGT), in particular by 

means of Externally Fired Gas Turbines (EFGT) [Camporeale et al., 2013]. A bottoming ORC could 

be coupled to the MGT in order to increase the electric efficiency of the system. The ORC are much 

more suited than conventional steam plants for small and micro generation from a few dozen to some 

hundreds kWe, because of the low enthalpy drop that allows a turbine expansion through few stages. 

There is a large literature on ORC cycles and in particular on the fluid selection for waste heat recovery 

applications (Chen et al.,2010; Invernizzi et al., 2011; David et al., 2011). In the present work, different 

firing schemes are examined for the MGT: only biomass (B), only natural gas (NG) and dual fuel (B 

and NG) are considered as energy input and compared, as proposed in Pantaleo et al, 2014 and 

Camporeale et al.2014. The investment profitability is appreciated on the basis of thermo-economic 

methodologies [Pantaleo et al., 2013, Al-Sulaiman et al., 2013, Galanti et al. ,2013, Ferreira et al., 2012, 

Pantaleo et al. 2014],  with specific costs assessment proposed in [Pantaleo et al. 2013] and in light of 

the Italian policy measures for renewable energy and high efficiency CHP [Ministry Decrees, 2011, 

2012].  
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Figure 1 - MGT-ORC combined cycle for CHP generation, and related T-s diagram.  

 

2. TECHNOLOGY OVERVIEW 

2.1 Micro gas turbines fuelled by natural gas 

Among distributed generation technologies, micro gas turbines (MGT) are expected to have steady 

growth in future energy systems, mainly for CHP applications. MGTs are typically single-shaft engines 

(Fig. 1), where compressor, turbine and electric generator have a common shaft rotating at high speed 

(typically between 60,000 and 90,000 rpm [Rosa do Nascimento et al., 2013]). The high-frequency 

current from the generator is converted to grid frequency by an inverter, which enables variable-speed 

operation [Hamilton, 2003]. The turbine inlet temperatures (TIT) are typically in the range 800–1,000 

°C, since no blade cooling systems are adopted, while the pressure ratio is low (3.5-5). A surface 

regenerative heat exchanger (recuperator) is used to increase the electric efficiency that can reach values 

of 30%. The turbine outlet temperature TOT is about 500-650°C, hence the material costs for the 

recuperator can be kept at a reasonable level. The total energy efficiency of a CHP-MGT is in the range 

70–80%, and is influenced by the temperature of heat demand.  

2.2 Externally fired micro gas turbines fuelled by biomass 

Since several years, the use of biomass in MGT is considered a profitable option [Obernberger, 1998] 

for renewable energy production, however one of the key technical issues is the fuel quality. The EFGT 

cycle presents the advantages of gas turbines (low operational costs, high lifetime and reliability, 

relatively high energy efficiency even at small size) and the capability of using low quality biofuel. In 

the conventional scheme of an EFGT, the biomass is fed to an external furnace together with hot air 

coming from the turbine exhaust, and the turbine is fed by hot compressed air, heated in a high 

temperature heat exchanger (HTHE) to the required TIT by the hot gas of the biomass combustion. In 

this work, the following scheme has been selected: external combustion of biomass in a furnace, and 

heating of the MGT cycle working fluid (air) by means of a surface heat exchanger.  

2.3 Natural gas/biomass dual fuelling 

The external combustion of biomass combined with direct combustion of natural gas (often referred as 

“dual-fuel” or “cofiring”) is a promising, cost-effective and reliable small scale generation system, that 

offers plant flexibility, high conversion efficiency and possibility to use commercially available 

components. In conventional EFGT cycle the turbine inlet temperature is limited by material of the 

HTHE to 850–900 °C [Riccio et al. 2009; Yan and Eidensten, 2000; Ferreira and Pilidis, 2001; Knoef, 

1998; Soltani et al., 2013; Evans and Zaradic, 1996; Savola et al., 2005; Cocco et al., 2006; Riccio et 

al., 2000, Camporeale et al.,2014]. For this reason, a dual fuel configuration (biomass-natural gas) is 

investigated. With the internal combustion the TIT can reach a maximum TIT of about 950° compatible 

with the metal of the turbine blades, and consequently a higher efficiency and power output of the 

conversion process, with respect to only biomass input. 
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Table 1. Technical parameters for the topping MGT (AE Turbec T100, 2015) 

Case study Unit 100% NG 50-50% NG-B 100% B 

Net electric power output (ISO) kW 100.1 89.6 77.5 

Turbine Inlet Temperature °C 950 950 900 

Energy input  kW 332.9 373.4 404.0 

Net electric-efficiency. ISO  % 30.1 24.0 19.2 

Gas temperature at turbine exit °C 652.7 656.4 609.0 

Exhaust gas temper. (recuperator exit.)  °C 270 272 262 

Air mass flow rate kg/s 0.7833 0.7833 0.7833 
 

2.4 MGT+ORC combined cycles 

The use of combined cycle schemes can increase the electric efficiency on respect to either two plants 

that compose the combined cycle. In this work, we consider a combined cycle composed by a MGT as 

topping cycle and an ORC as bottoming cycle, which converts part of the heat from the exhaust gas in 

useful work (Fig.1). In this scheme, the exhaust gas exiting the gas turbine is conveyed to a heat 

recovery heat exchanger that heats the organic fluid from liquid to saturated vapor or superheated vapor, 

depending on the chosen ORC cycle. It is composed by an economizer, an evaporator and, if present, a 

superheater. In analogy to gas-steam combined cycles, it is called Heat Recovery Vapor Generator 

(HRVG). In the HRVG, the organic fluid is brought to the thermodynamic condition requested for the 

admission in the turbine, while, on the other side, the gas exiting the HRVG has still a temperature 

suitable for cogeneration. Such heat is recovered in a cogenerative HRB where the gas can be cooled to 

a temperature that depends on the fluid temperature requested by the industrial or residential users. In 

the adopted configuration, a minimum gas temperature of 80°C is adopted. This limit can be applied 

either to MGT fuelling natural gas or EFGT fuelling biomass. In fact, in the adopted configuration of 

the biomass furnace, the products of biomass combustion do not contaminate the gas that flows across 

the turbine. 

The bottoming cycle is an ORC in a recuperative configuration (Fig. 1). We considered the use of “dry 

fluids” that are characterized by a dry expansion in the turbine, avoiding drop generation that can 

damage turbine blades [Chen et al., 2010].  In particular, the cycle contains a pump (a-b) that supplies 

the fluid to the recuperator (b-c). The recuperator pre-heats the working fluid using the thermal energy 

from the turbine outlet. The evaporator produces the evaporation of the organic fluid up to the requested 

condition, by recovering the heat from the topping cycle (c-d). Thus, the vapor flows in the turbine (d-

e) connected to a high-speed electric generator. At the exit of the turbine, the organic fluid goes to the 

hot side of the recuperator (e-f) where it is cooled to a temperature a little higher than the condensation 

temperature. Finally, the condenser closes the ORC cycle (f-a). Two options are investigated for the 

condensation temperature:  

- Option ORC1: low condenser temperature (40°C), Figure 2.(a); in this case the electric efficiency of 

the bottoming cycle is higher, but heat rejected by the ORC cannot be used for cogeneration; 

- Option ORC2: high condenser temperature (100°C), Figure 2(b); in this case, the ORC output is 

lower, but the heat rejected at the condenser is useful for residential heating. 

In both options, useful heat can be also recovered from the gas at the exit of the HRVG. 

For the ORC cycle, considering that the exhaust gas temperature at the gas turbine outlet (recuperator 

exit) is 270°C, siloxanes and toluene are examined as suitable working fluids. The choices of 

thermodynamic parameters of the ORC cycle are related to the temperature of the heat to be recovered. 

In particular, turbine inlet temperature and evaporation pressure are the most influential properties. In 

relation to the choice of the evaporation pressure, 𝑝𝑒𝑣, and of the maximum ORC cycle temperature, it 

is possible to examine saturated, superheated and supercritical cycles. A detailed discussion of the 

optimization of the cycle parameters can be found in [He et al. 2009; Kusterer et al. 2010]. Here some 

results can be summarized. The higher is the evaporation pressure in supercritical and subcritical cycles, 

the higher is the cycle efficiency. However, when the critical temperature is close to the heat source 

temperature, lower heat recovery efficiency is found. Furthermore, these cycles are characterized by 

high inlet / outlet turbine volumetric ratio. Therefore, the advantages of ORC cycles with very high-

pressure levels are limited. For the above reasons, a simple recuperative ORC cycle is examined with a 

hexa-methyl-disiloxane “dry fluid”. 
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Table 2. Technical parameters for the bottoming ORC cycles (topping cycle MGT fuelling NG) 

Description Unit ORC 1 ORC 2 

Evaporation pressure bar 8 8 

Turbine inlet temperature  °C 192 192 

Condenser temperature °C 40 90 

Available Thermal Flow from exhaust gas, �̇�𝑎𝑣 kW 199.7  199.7 

HRVG Heat flow, �̇�𝑟𝑒𝑐 kW 105.0 95.2 

Heat  recovery ratio, 𝜒 % 52.6 47.8 

Electric power output, 𝑃𝑒𝑙.𝑂𝑅𝐶  kW 20.0  11.4 

Cycle Efficiency, 𝜂𝐿 % 19.9 11.9 

Overall efficiency as recuperative cycle, 𝜂𝑟𝑒𝑐  % 10.0 5.7 

Heat rejected from condenser kW 83.44  79.4 

 

3. PERFORMANCE ANALYSIS 
The biomass/natural gas energy input ratio has been varied and the following schemes of the topping 

cycle have been examined: 100% of natural gas (NG), dual fuel scheme with 50% of energy input from 

biomass and 50% from natural gas (DF) and, finally, 100% of energy input from biomass (B).  

Thermodynamic simulations have been carried out by means of Gate-Cycle® software for the MGT 

and Cycle-Tempo® for the ORC section. Gate Cycle is a commercial software for thermal power plants 

including gas turbines, steam and combined cycles plants [https://getotalplant.com/GateCycle, 2015]. 

The Cycle Tempo software is used for thermodynamic cycles and in particular organic and other non 

conventional fluids [http://www.asimptote.nl/software/cycle-tempo/, 2015]. Both the codes have been 

tested and validated by the authors. In the following, the methodologies for: (i) energy balances and 

efficiency analysis, (ii) primary energy savings and profitability of investment are reported.  

3.1 First Law analysis and Definitions  

All calculations are performed for ISO standard conditions (15 °C, 1.013 bar and 60% relative 

humidity). Based on the cycle thermodynamic analysis, the following equations are used to evaluate the 

net electric power output (𝑃𝑒),  the total thermal power input (�̇�𝑖𝑛,𝑡𝑜𝑡), electric efficiency (𝜂𝑒), thermal 

power supplied to hot water for cogeneration (�̇�𝑡ℎ), thermal efficiency (𝜂𝑡ℎ), total (“first law”) 

efficiency for CHP generation (𝜂𝐶𝐻𝑃).  

The overall electric efficiency of the combined cycle 𝜂𝑒,𝑐𝑐  is reported in (1), where 𝑃𝑒,𝐶𝐶  is the electric 

power output of the combined cycle as reported in (2). 
 𝜂𝑒,𝑐𝑐 =

𝑃𝑒,𝐶𝐶

�̇�𝑖𝑛,𝑡𝑜𝑡
          (1)                           𝑃𝑒,𝐶𝐶 = 𝑃𝑒,𝐺𝑇 +  𝑃𝑒,𝑂𝑅𝐶              (2)  

The energy input is due to the combustion of NG and biomass according to (3). 
 �̇�𝑖𝑛,𝑡𝑜𝑡 = �̇�𝑖𝑛,𝑁𝐺 +  �̇�𝑖𝑛,𝑏𝑖𝑜𝑚 = �̇�𝑁𝐺𝐿𝐻𝑉𝑁𝐺 +  �̇�𝑏𝑖𝑜𝑚𝐿𝐻𝑉𝑏𝑖𝑜𝑚  (3) 

The energy performance of the bottoming cycle is evaluated from (i) the “internal thermal efficiency” 

of the bottoming cycle 𝜂𝐿 of eqn (4), being 𝑃𝑒,𝑂𝑅𝐶  the power output of the bottoming cycle and �̇�𝐿 the 

heat input to the bottoming cycle (heat recovered in the HRVG), and (ii) the “heat recovery ratio” or 

“HRVG efficiency 𝜒, defined as the ratio between heat recovered �̇�𝐿  and heat rejected from the topping 

cycle �̇�𝐻𝑅 . 
 

𝜂𝐿 =
𝑃𝑒,𝑂𝑅𝐶

�̇�𝐿

            (4)                                                      𝜒 =
�̇�𝐿

�̇�𝐻𝑅

         (5) 
 

 

The heat rejected is here the sensible heat of the gas exiting the gas turbine, which is the theoretically 

available if the gas were cooled to the ambient temperature. Due to this reason, �̇�𝐻𝑅 is also called “heat 

available” and indicated as �̇�𝑎𝑣 . The heat exchanged �̇�𝐿   in the HRVG, is evaluated in Eq.(6) from gas 

the temperature drop (𝑇6 − 𝑇7), the mass flow rate �̇�𝑔 exhausted by the gas turbine and the average 

specific heat 𝑐𝑝,𝑔 of the exhaust gas. The available heat is given by Eq. (7). 
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�̇�𝐿 = �̇�𝑔 𝑐𝑝,𝑔(𝑇6 − 𝑇7)           (6)                         �̇�𝑎𝑣 = �̇�𝑔 𝑐𝑝,𝑔(𝑇6 − 𝑇amb)            (7) 

 

The overall efficiency of the bottoming cycle 𝜂𝑟𝑒𝑐is defined as the ratio between 𝑃𝑒,𝑂𝑅𝐶 and the heat 

rejected from the topping cycle �̇�𝑎𝑣. From the above definitions,  
 

𝜂𝑟𝑒𝑐 =
𝑃𝑒,𝑂𝑅𝐶

�̇�𝑎𝑣

=  𝜒 ∙  𝜂𝐿 . 
(8) 

The maximum power output for the combined cycle is obtained when the product of  𝜂𝐿 and χ is 

maximum. The exhaust gas exiting the evaporator has still enthalpy level suitable for cogeneration. The 

heat that can be recovered in the cogenerative HRB can be evaluated from the temperature drop 
(𝑇7 − 𝑇8) of the exhaust gas. In this work, we assume a minimum temperature of 50°C for the return 

water from residential users. Therefore, assuming ∆𝑇𝑚𝑖𝑛 = 20°𝐶,  the minimum exhaust gas 

temperature 𝑇8 =  70°C and the heat rate recovered can be evaluated from 
 

�̇�𝑡ℎ
′ = �̇�𝑔 𝑐𝑝,𝑔(𝑇7 − 𝑇8). 

(9) 

Useful heat for residential users can be recovered also from the condenser of the ORC plant, if the 

condensation temperature is sufficiently high. Assuming ∆𝑇𝑚𝑖𝑛 = 20°𝐶, a condensation temperature of 

90°C can be adopted. In this case, the heat flux rejected from the ORC plant is fully available for 

cogeneration,  
 

�̇�𝑡ℎ
′′ = �̇�𝑣  (ℎ𝑓 − ℎ𝑎), 

(10) 

where �̇�𝑣 is mass flow rate of organic fluid and (ℎ𝑓 − ℎ𝑎) is the enthalpy drop of the organic fluid 

across the condenser. The total thermal heat recovered for cogeneration is the sum of the heat recovered 

from exhaust gas and recovered from the heat rejected from the condenser 
 

�̇�𝑡ℎ = �̇�𝑡ℎ
′ + �̇�𝑡ℎ

′′  
(11) 

In the other case of condensation temperature lower than the temperature requested for cogeneration, 

the heat flux rejected by the ORC condenser is wasted to the environment. In this last case �̇�𝑡ℎ
′′ = 0. 

The instantaneous values of thermal efficiency, 𝜂𝑡ℎ, and first law (total heat and power) efficiency, 

𝜂𝐶𝐻𝑃, of the plant, can be evaluated as 
 

𝜂𝑡ℎ =
�̇�𝑡ℎ

�̇�𝑖𝑛,𝑡𝑜𝑡
    (12)   𝜂𝐶𝐻𝑃 = 𝜂𝑒,𝐶𝐶 + 𝜂𝑡ℎ =

𝑃𝑒,𝐶𝐶 + �̇�𝑡ℎ

�̇�𝑖𝑛,𝑡𝑜𝑡

 
(13) 

The energy performance of the plant has to be evaluated over the annual production of electric and 

useful thermal energy output, considering the annual fuel energy consumption. In this work, energy and 

economic evaluation are carried out under the hypothesis of baseload operation 
 

𝐸𝑒,𝐶𝐶 = ∫ 𝑃𝑒,𝐶𝐶d𝑡
𝑡𝑎𝑛.

0

, 𝐸𝑡ℎ = ∫ �̇�𝑡ℎ d𝑡
𝑡𝑎𝑛.

0

, 𝐸𝑖𝑛,𝑡𝑜𝑡 = ∫ �̇�𝑖𝑛,𝑡𝑜𝑡 d𝑡
𝑡𝑎𝑛.

0

. 
(14) 

The annual averaged first law (total heat and power) efficiency is then 
 

�̅�𝐶𝐻𝑃 =
𝐸𝑒,𝐶𝐶 + 𝐸𝑡ℎ

𝐸𝑖𝑛,𝑡𝑜𝑡
 . (15) 

3.2 IFGT and EFGT gas turbine models 

The natural gas fired IFGT simulation (case 1) is based on the MGT Turbec T100 having a maximum 

power output of 100 kWe when fuelling natural gas (AE-T100 data sheet, 2015). A recuperator is used 

to raise the net electric-efficiency from 16% of the simple cycle gas turbine to 30% of the recuperative 

Joule-Brayton cycle. The design hypotheses for these sections of the plant are described in [Pantaleo et 

al., 2013]. The main performance data are in Table 1. In the case of dual combustion of biomass and 

natural gas, an EFGT scheme is adopted. The biomass feeds the external furnace while combustion air 
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is pre-heated in a dedicated heat exchanger, which recovers heat from exhaust combustion gas. Details 

of the EFGT scheme can be found in Pantaleo et al. (2013) and Camporeale et al.(2014). It should be 

noted that the combustion air is conveyed in the furnace by a fan independently from the gas flowing 

in the turbine. In this case, no dirty gas flows at the exhaust of the turbine, hence facilitating 

cogeneration and increasing the flexibility of input fuel, which could be particularly important in case 

of seasonal biomass availability. The results of the energy analysis reported in Table 3 (case A) show 

that option of 100% biomass fired EFGT is affected by a de-rated electric power on respect to option 

of 100% NG fired IFGT. The main causes are related to: (i) lower TIT (reduced to 900°C from the 

original 950°C of the turbine fuelled by NG,) and (ii) power absorbed by the fan of the furnace and the 

other auxiliaries.  

 

Table 3. Energy performance of the different examined case studies.  
Fuel type: NG: natural gas; DF: dual fuel natural gas/biomass; B: biomass 

Description Unit MGT  

 cogeneration 

MGT + ORC 1 

 no cogeneration 

 MGT+ORC 1 

cogeneration 

MGT- ORC 2 

cogeneration 

Fuel type  NG DF B NG DF B NG DF B NG DF B 

Electric power 

output 
kW 101.9 93.7 85.0 121.77 113.8 105.0 119.0 111.3 102.4 110.4 102.5 93.7 

Thermal  

input 
kW 332.2 348.6 366.4 332.2 348.6 366.4 332.2 348.6 366.4 332.2 348.6 366.4 

Cogenerated 

Heat flux 
kW 165.0 163.2 160.8    57.2 56.5 55.6 148.6 143.2 137.9 

Electric 

efficiency 
% 30.7 27.0 23.2 36.6 32.8 28.6 35.8 31.9 28.0 33.2 29.4 25.6 

Thermal 

efficiency 
% 49.7 46.8 43.9    17.2 16.2 15.2 44.7 41.1 37.6 

CHP  

efficiency 
% 80.3 73.7 67.1    53.0 48.1 43.1 77.9 70.5 63.2 

 

 

3.3 Performance of ORC bottoming cycle 

The topping cycle supplies exhausted gas (case NG, case DF) or air (case B) to the bottoming cycle at 

270°C (262 °C in the case B, that is, 100% biomass), hence the suitable working fluid can be chosen 

among siloxanes. In particular, hexamethyldisiloxane –MM- with a critical temperature of 245.6°C has 

been chosen. From a previous analysis, where saturated, superheated and supercritical cycles were 

compared, the saturated cycles are considered the best choice. The evaporation pressure of 8 bar is 

selected in order to have a good electric power output with acceptable turbine volume ratio. The 

isentropic and mechanical efficiencies of the pump are set to 0.75 and 0.86, respectively, while turbine 

isentropic and mechanical ones are set to 0.8 and 0.96. A pressure drop of 2 kPa is assumed in all the 

heat exchangers.  

Let us consider first the ORC cycle (indicated by “ORC-1”) with a condensation temperature of 40°C. 

The following discussion is referred to calculations carried out considering a MGT fuelling NG as 

topping cycle. From Table 2, it appears that about 53% of the available heat is recovered in the HRVG. 

The efficiency 𝜂𝐿 of the bottoming cycle is about 20% that is relatively high if one considers that the 

maximum cycle temperature is 192°C. The overall efficiency 𝜂𝑟𝑒𝑐 of the bottoming cycle in such 

configuration is about 10 %. In this case, heat rejected from condenser is not useful for cogeneration 

but heat can be recovered from exhaust gas exiting the HRSG. 

Then, let us consider the ORC cycle (indicated by “ORC-2”) with a condensation temperature of 90°C. 

From Table 2, it appears that about 48% of the available heat is recovered in the HRVG (5% less than 

ORC-1), while the efficiency 𝜂𝐿 of the bottoming cycle is 11% that is about the half of the previous 

case due to the higher condensation temperature. The overall efficiency 𝜂𝑟𝑒𝑐 of the bottoming cycle in 

such configuration becomes about 6 %. In this case, heat flux rejected from condenser, about 80 kW, is 

useful for cogeneration as well as heat from exhaust gas of the HRVG. 
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About identical results are obtained with a dual-fuel MGT, since the temperature of the gas exiting the 

topping cycle is about the same (272°C) while some difference are obtained with MGT fuelling only 

biomass due to the lower temperature at the recuperator exit (262°C). A complete description of the 

combined cycle MGT+ORC under the different configurations is given in Table 3, where the 

performance of the gas turbine alone is also reported. The performance is examined for the MGT under 

cogeneration configuration while the combined cycle is examined under either only electric power 

production or cogeneration. 

It appears that the combined cycle allows for a significant increase of the power output in all the cases 

with condensation temperature 𝑇𝑐 = 40°𝐶, with an increase of the overall electric efficiency of about 

5-6 %. However, there is a relevant reduction of the thermal efficiency 𝜂𝑡ℎ  that drops from much more 

than 40% of the MGT alone to about 16% for the combined cycle: this is due to the utilization of the 

exhaust gas heat for the bottoming cycle. In the cases of combined cycle with ORC condensation 

temperature 𝑇𝑐 = 90°𝐶, the electric efficiency is 3% higher than the simple MGT, but there is a low 

decrease of thermal efficiency with respect to the MGT, thanks to the utilization of the heat flux rejected 

from condenser. These results will be examined in the next section in order to identify the relative 

profitability and attractiveness of the different plant configurations. 

 

4. Thermo economic methodology 
The aim of the methodology is to provide a preliminary assessment of the global energy efficiency and 

profitability of the selected plant configurations as a function of the heat demand for cogeneration. For 

this purpose, the scenario of a baseload plant operation is assumed, with all electricity fed into the grid 

and cogenerated heat delivered to the load (50-70°C). The intensity of heat demand is taken into account 

by means of the equivalent hours of thermal energy consumption per year hT, neglecting transients and 

part load efficiency. Further CHP operating strategies, including part load operation, can be found in 

previous works [Pantaleo et al. 2013, Camporeale et al, 2014, 2015]. The plant is operated at rated 

power for the maximum number of hours compatible with maintenance (7,500 hr/year). The revenues 

from electricity are in the form of fixed guaranteed remuneration (for the natural gas-based fraction) 

and feed-in tariff [Ministry Decree, 2012] (for the biomass-based fraction), including white certificates 

for the quota of natural gas based high efficiency cogenerated energy [Ministry Decree, 2011]. In the 

case of only biomass fuel, this operating strategy is the most profitable one, since the feed-in price for 

biomass electricity is higher than the cost of electricity supply. The reason is that, according to Italian 

RES subsidy mechanism [Ministry Decree, 2012], only renewable electricity fed into the grid is eligible 

for feed-in tariff, while on-site electricity is not subsidized. However, in case of natural gas based 

electric generation, matching on site electric demand before feeding the excess to the grid could be 

more profitable, as resulting from [Pantaleo et al, 2014a]. The calculation of incentives available for 

high efficiency cogeneration (HEC) is based on the assessment of the primary energy saving PES of 

the CHP plant, according to the procedures described in [Pantaleo et al, 2013a, 2014b].  

4.1 Financial appraisal 

The financial appraisal of the investment is carried out assuming the following hypotheses: (i) 20 years 

of operating life; no 're-powering' throughout the 20 years; zero decommissioning costs; (ii) 

maintenance costs, fuel supply costs, electricity and heat selling prices held constant (in real 2015 

values); (iii) duration of feed-in tariff for biomass electricity of 20 years and duration of HEC incentive 

for gas cogeneration of 10 years (as stated by the ‘white certificates’ mechanism, which also includes a 

multiplicative coefficient of 1.4 [Ministry Decree, 2011]); (iv) capital assets depreciated using a straight 

line depreciation over 20 years; (v) cost of capital (net of inflation) equal to 8%, corporation tax 

neglected, capital costs and income do not benefit from any support.  

4.2 Costs and revenues assessment  

The turnkey capital cost, including storage and civil work costs of the biomass section, is assumed from 

[Pantaleo et al, 2013]. The cost of gas turbine recuperator is calculated assuming the maximum metal 

temperature of 1,000 °C and the use of Ni-Cr 40-20 alloy. The costs of ORC turbines vary in a wide 
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range depending on the technology. In this work, after personal interviews to ORC turbine 

manufacturers, a cost of 100 and 60 kEur is assumed for the 20 and 12 kW bottoming ORC turbine.  

 

Table 4. Fuel consumption of the MGT plant with different configurations, CAPEX and OPEX of 

the investment, assuming baseload operation mode. NG: natural gas fuel; DF: dual fuel 50% natural 

gas and 50% biomass (referred to energy input); B: biomass   

Fuel Configuration 
Fuel consumption  CAPEX 

(kEur) 

OPEX 

(kEur/y) NG (Nm3/y) Biom (t/y) 

NG 

MGT+CHP 

225,575 0 

188 99.4 

MGT+ORC 1 without CHP (TC=40°C)  278 101.2 

MGT+ORC 1 + CHP (TC=40°C) 288 100.9 

MGT+ORC 2 + CHP (TC=90°C)  240 100.2 

DF 

MGT+CHP 

118,352 312 

289 83.2 

MGT+ORC 1 without CHP (TC=40°C)  379 85.3 

MGT+ORC 1 + CHP (TC=40°C) 389 85.1 

MGT+ORC 2 + CHP (TC=90°C)  349 84.2 

B 

MGT+CHP 

0 657 

470 65.0 

MGT+ORC 1 without CHP (TC=40°C)  560 67.4 

MGT+ORC 1 + CHP (TC=40°C) 570 67.1 

MGT+ORC 2 + CHP (TC=90°C)  530 66.1 
 

 

Table 5. Electricity and heat selling prices; the feed-in tariff for biomass electricity includes 

remuneration for electricity fed into the grid and the subsidy; the white certificate is issued for 

primary energy saved through natural gas fuelled high efficiency CHP 

Parameter Eur/MWh 

Natural gas electricity price PENG 150 

Bio-electricity feed-in price PEb 287 

White certificate price  8.14  

Thermal energy price PTt 40 

 

The fuel cost is assumed of 80 Eur/t and 40 cEur/Nm3 respectively for biomass and NG. These figures 

are obtained from market prices for wood chips in the Italian market and data from Italian Energy 

Authority for natural gas price for use in CHP plants (in this case, low tax rates apply in comparison to 

heating use) [Pantaleo et al., 2013]. The O&M costs depend on the technology generation, the type of 

service and the capacity factor. In this work, the estimated O&M costs are 12 Eur/MWh for natural gas 

based electricity and 16 Eur/MWh for biomass based electricity, on the basis of global service contracts 

proposed by manufacturers of these small scale CHP plants to final customers. Biomass ash discharge 

costs are 70 Eur/t. In the case of biomass electricity generation, a plant self -consumption of 5% of 

generated electricity is assumed, which takes in account the energy consumption for biomass handling 

and furnace operation. The reference thermal and electrical efficiencies, to calculate the primary energy 

savings, are respectively 90% and 45.15% [Ministry Decree, 2011]. Table 4 summarizes the fuel 

consumption of the MGT with different fuels and the CAPEX and OPEX of the investments. The heat 

and electricity selling prices and the incentives for biomass electricity and HEC are reported in Table 5. 

The natural gas electricity price and the thermal energy price are estimated assuming the scenario of on 

site generation to match the heat and power demand of a block of residential buildings in the Italian 

energy market. In particular, the avoided electricity and thermal energy costs for residential end users 

are considered, assuming statistical data of electricity and natural gas costs from Italian Authority of 

Energy (AEEG, 2015) without taxes. In the case of thermal energy, the selling price is defined assuming 



 

Paper ID: 182, Page 9 

 

 

3rd International Seminar on ORC Power Systems, October 12-14, 2015, Brussels, Belgium 

a reference scenario of natural gas based heating system (average thermal energy cost of 80 Eur/MWh) 

and a discount of 50% to incentivize customer to connect to the heating network of the CHP plant. 

 

5.  RESULTS AND DISCUSSION 

5.1 Energy performance assessment 

The first law cogenerative efficiency, �̅�𝐶𝐻𝑃 , vs the equivalent hours of thermal load is reported in Figure 

3. The plant configurations under investigation are: only MGT with cogeneration (MGT-cog), MGT+ 

bottoming ORC and low TC without cogeneration (MGT+ORC1), MGT + bottoming ORC with 

cogeneration and low TC (MGT+ORC1-cog) and MGT + bottoming ORC with cogeneration and high 

TC (MGT+ORC2-cog). These configurations are examined considering different input fuel mixes 

(natural gas, dual fuel and biomass).  The following main conclusions can be drawn: 

1. Input fuel: the use of natural gas presents the best energy performances, because of the higher 

conversion efficiency of the thermodynamic cycle on respect to the case of biomass; 

2. Thermodynamic cycle: the use of bottoming ORC and low condensation temperature does not 

increase the global efficiency of the system (in particular at high heat demand levels) since, despite the 

higher electric efficiency of cases MGT+ORC1 with and without cogeneration, the cogenerated heat is 

lower (case MGT+ORC1-cog) or equal to zero (MGT+ORC1) on respect to case MGT-cog or 

MGT+ORC2-cog. At high energy demand levels (equivalent heat demand hours respectively above 

4,000 – 3,500 and 3,000 for natural gas, dual fuel or biomass feed configurations) the use of only MGT 

presents higher global energy efficiency than the bottoming ORC2. However, the operating strategy to 

switch off the bottoming ORC during high heat demand periods, so increasing the cogenerated heat, 

could improve the energy performance (Pantaleo et al, 2015). 

6.2 Profitability assessment 

The internal rate of return (IRR) and net present value (NPV) of the investments are reported in Fig 4 

and 5. The following considerations can be drown:  

1. Fuel mix: the dual fuel option presents the highest IRR, as a result of the trade-off between energy 

efficiency decrease and investment cost/electricity revenues increase when increasing biomass use; on 

the contrary, the option of only biomass input fuel presents the highest NPV, as a result of the highest 

investment cost of this technology, balanced by the highest revenues from electricity sales (mainly 

because of the high feed-in tariff available for biomass electricity); 

2. System configuration: the bottoming ORC reduces the IRR of the investment in the case of natural 

gas fuel on respect to only MTG, even at high heat demand levels (where the bottoming ORC2 presents 

on the contrary the highest energy performance); this is not valid for the NPV and in the case of biomass 

fuel, where, at high energy demand levels, the case MGT+ORC2-cog presents higher NPV than case 

MGT-cog. On the contrary, at low heat demand levels and with dual fuel or only biomass options, the 

bottoming ORC cycle presents higher IRR than the only MGT option; this is due to the different 

electricity price for natural gas and biomass; in particular, and the higher ORC investment cost and 

reduced income from heat sale (less o no cogenerated heat) does not balance the increased revenues 

from electricity sale when using natural gas fuel. 

 

   

Figure 3. Annual CHP efficiency (�̅�𝑪𝑯𝑷) as a function of thermal energy demand. 
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Figure 4. Internal Rate of Return (%) of the investments as a function of thermal energy demand equivalent 

hours for the case studies only natural gas (left), dual fuel (middle) and only biomass (right) 

   

Figure 5. NPV (kEur) of the investments as a function of thermal energy demand equivalent hours for the case 

studies only natural gas (left), dual fuel (middle) and only biomass (right) 

7. CONCLUSIONS 
In this paper, the results of a thermo-economic assessment of micro gas turbine (100 kWe) with 

bottoming ORC fed by natural gas and biomass is presented. The systems configurations of MGT with 

cogeneration, MGT+bottoming ORC without cogeneration, and MGT with bottoming ORC and 

cogeneration at different condensing temperature are modelled, considering the three input fuel options 

of only natural gas, dual fuelling of natural gas and biomass, and only biomass. The results are used to 

inform a techno-economic methodology to estimate economic indices and energy performances in 

different scenarios. The influence of fuel characteristics on: (i) technical parameters, (ii) conversion 

efficiencies, (iii) capex and opex, (iv) profitability of investments are investigated.  

The following main conclusions can be drawn: 

(i) the global conversion efficiency ranged respectively between 30-70% and 23-60% for the natural 

gas and biomass fired case studies and the MGT with cogeneration, as a function of the thermal energy 

demand operating hours, with lower performances in case of biomass energy input. The combined cycle 

of the MGT with a bottoming ORC and low condensing temperature (case ORC 1) increases electric 

conversion efficiency to 36-28% and reduces the thermal efficiency to 17-15% respectively for the 

natural gas and biomass fired case studies. In the case of high condensing temperature (ORC 2), the 

electric and thermal conversion efficiencies are respectively of 33-25% and 45-38% for the natural gas 

and biomass fired cycles. 

(ii) the ORC bottoming cycle increases the NPV when using biomass fuel, while the optimal IRR is 

obtained with dual fuel configurations; CHP investment profitability, and the incremental profitability 

of bottoming ORC on respect to MGT cycle, are highly influenced by thermal energy demand. 

The scenario of 100% NG has the highest conversion efficiency and primary energy saving; however, 

the 100% biomass option has the highest NPV. This is due subsidies available by feed-in tariffs for 

electricity produced from biomass.  

In conclusion, the profitability of adding a bottoming ORC is dependent on the trade-off between 

increased upfront costs, reduced heat available for cogeneration, and increased electricity generation. 

According to the simulation results, the bottoming ORC with low condensing temperature (ORC1) is 

profitable when using biomass fuel and with low heat demand levels, while the bottoming ORC with 

high condensing temperature (ORC2), despite presenting lower electric conversion efficiency, is more 

profitable than the only MGT cycle, at high energy demand levels. Further researches will be focused 

on algorithms to optimize the CHP operation with the option to switch on and off the bottoming ORC 

on the basis of the energy demand and other techno-economic parameters. 
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NOMENCLATURE 
�̇� energy flux (kW)   

h enthalpy (kJ/kg)   

�̇� mass flow (kg/s)   

p pressure (bar) or (kPa)  

P electric power (kW)   

�̇� heat flux (kW)   

T temperature (K) or (°C)   

W work (kJ/kg)   

 efficiency    

χ heat recovery factor    

subscripts   acronyms  

av available  CHP  Combined Heat and Power generation 

biom biomass  HRB Heat Recovery Boiler 

cc combined cycle  MGT Micro Gas Turbine 

g exhaust gas   ORC Organic Rankine Cycle 

e electric  LHV Lower Heating Value 

in input  EFGT Externally Fired Gas Turbine 

gen Electric generator  IFGT Internally Fired Gas Turbine 

L Low (bottoming cycle) MM hexa-methyl-disiloxane 

th thermal  Fuel supply : NG = natural gas ; DF = dual fuel (50% natural gas 

and 50% biomass input energy) ; B= biomass rec Recuperative cycle  

 


