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Abstract. Environmental concerns as global warming and energy depletion have been motivating the use of renewable
energy sources to meet energy requirements. Power and heat cogeneration systems consist of one of the alternative
technologies in terms of energy saving and power generation high efficiency. In this work, two configurations of a
cogeneration system were studied. In the first one, a topping regenerative gas turbine cycle combined with a steam
generation and a bottoming basic organic Rankine cycle while the second one used a bottoming organic Rankine cycle
with a reheater. These systems were fueled by biogas to generate a constant net output power of 1000 kW and a
quantity of 0.194 kg.s™ of steam at 506.6 kPa and 433.15 K. Energetic and exergetic performances evaluation were
carried out in order to investigate optimum operating conditions. A parametric analysis was also performed varying
biogas molar composition; percentage of excess air; compression ratio and air inlet temperature in the combustion
chamber. The results showed that the addition of a reheater in bottoming ORC improved both energetic and exergetic
system performances, reducing biogas consumption and exergy destruction rate in 4.43 % and 7.28 %, respectively.
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1. INTRODUCTION

Environmental concerns as the intensification of greenhouse gases emissions and, consequently, global warming
increasing, have made countries all over the world aware to the importance of studying more efficient and sustainable
means to produce, supply and use energy.

In this context, biogas usage in power generation is a promising alternative since it is a renewable energy source,
with low net CO, emission and its potential has gained attention (Barzegaravval et al., 2018). In Brazil, biogas power
generation is only responsible for 0.086 % of its total installed power capacity (ANEEL, 2019) and its potential of
biogas production is considered the largest in the world, since this country has enough raw material to supply up to
36 % of the Brazilian electricity consumption (Abiogas, 2019). Considering this great potential, researches involving
this subject are relevant, seeking for better ways of using this energy source, improving the efficiency of energy systems
as well.

Biogas can be produced by anaerobic digestion of many different organic matters, as animal and human wastes. So,
its molar composition will depend on the kind of substrate digested. A typical biogas composition is; methane (50 to
75 mol%); carbon dioxide (25 to 50 mol%) and small quantities of other components like water, oxygen and traces of
sulfur and hydrogen sulfide (Wellinger et al., 2013). This composition variation affects biogas heating value and,
consequently, its flame temperature. Thus, the selection of an adequate power generation technology using biogas as a
fuel must consider this characteristic.

Usually, biogas is burned in the combustion chamber of a boiler providing heat to generate a vapor stream that can
be used to operate a steam Rankine cycle and generate power (Wellinger et al., 2013). However, there are other
alternative cycles to generate energy from biogas. Some researchers, for instance, used biogas as fuel in gas turbines
(Somehsaraei et al., 2014; Barzegaravval et al., 2018); others utilized the gases from biogas combustion to drive an
organic Rankine cycle (ORC) (Mudasar et al., 2017). Another option is to combine cycles like gas turbine and ORC as
the topping and bottoming cycles, respectively, in which ORC is operated by the energy surplus from the gas turbine
topping cycle (Hosseini et al., 2016; Sung et al., 2017; Gholizadeh et al., 2019).

In addition to generating power, biogas can also be applied to produce heat. A cycle that can produce,
simultaneously, heat and power is named a Combined Heat and Power (CHP) cycle. Therefore, the cogeneration of heat
and power is a better way to save energy compared to simple systems that only produce power or heat separately.
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Considering the use of biogas, there are some authors who have investigated its application in CHP plants: Kang et
al. (2012) studied the effect of burning biogas on the performance and operating characteristics of simple and
recuperative cycle gas turbine combined heat and power systems; Kang et al. (2014) investigated the economic
feasibility of two systems consisting of a simple gas turbine cycle to produce power and heat or a combined gas turbine
topping cycle with a steam Rankine bottoming cycle to generate power only; Zareh et al. (2018) evaluated a CHP
system, both thermodynamically and economically, composed by a gas turbine cycle, a steam generator, and a heat
exchanger for heating the digester; and fueled by a blend of natural gas and biogas.

The objective of this work is to investigate and compare, theoretically, the energetic and exergetic performances of
two different cogeneration power and heat systems fueled by biogas. Systems’ configurations will consist of a
regenerative gas turbine topping cycle followed by a heat recovery steam generator (HRSG) and a conventional organic
Rankine bottoming cycle (base case) or an organic Rankine bottoming cycle with a reheater (modified case). These
choices are based on three main reasons:

1. Gas turbine is considered flexible in terms of fuel consumption in comparison to other heat engines and, depending
on the operating conditions, it can produce higher net power as well as heat supply (Boyce, 2012).

2. According to Boyce (2012), the use of regenerators combined with gas turbines increases cycle’s efficiency and can
reduce fuel consumption up to 30 %.

3. The combination of the gas turbine with steam turbines is an attractive alternative, especially for process industries
where water steam is employed. This system provides higher efficiencies in comparison to gas turbines and steam
cycles operating separately due to the waste heat recovery of the gas turbine exhaust gases.

4. Organic Rankine cycle is characterized by its low maintenance requirements; its high safety and great flexibility;
and especially, its great feasibility and efficiency in recovering low grade waste heat (Macchi and Astolfi, 2017).

5. It was not found in the open literature a similar thermodynamic analysis of a CHP system using biogas as a fuel with
these proposed configurations, so this may be a major contribution of the present study.

2. METHODOLOGY

To perform and simulate the proposed CHP systems, Aspen Hysys® v. 10 (from AspenTech) process simulator was
used and the thermodynamic property package chosen was the Peng-Robinson (PR) equation of state. In order to ensure
data reliability, the gas turbine topping cycle was validated with the results obtained by Kang et al. (2012), and the
results authenticity of the ORC bottoming cycle was confirmed through the work performed by Chacartegui et al.
(2009), both under the same operation parameters.

2.1 System Description

Schematics of the proposed power and heat cogeneration systems are shown in Fig. 1, in which Fig. 1 (a) and (b)
represent the base case and modified case configurations, respectively.
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Figure 1. Schematics of CHP systems configurations.
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Base case configuration includes a top cycle of regenerative gas turbine, a HRSG (heat exchanger) and a basic
bottoming organic Rankine cycle, while the modified one is composed by a bottoming organic Rankine cycle with a
reheater.

In both configurations presented in Fig. 1, ambient air stream [1], with a pressure of 1 atm and a temperature of
298.15 K, is compressed. Then, compressed air [2] flows into air preheater and leaves it at a temperature of
773.15 K [3]. In the combustion chamber, pressurized biogas [4] is also injected in the combustion chamber where it is
burned. The combustion gases stream [5] resulted from the complete combustion is then expanded in the gas turbine
producing power. In order to recover the energy content of exhaust gases [6] and generate steam, the hot gases [7], after
passing through the air preheater, are fed in the steam generator to produce low pressure water steam at 506.6 kPa and
433.15 K, that can be employed in another part of the plant for heating. Since stream [8] still contains residual energy
content, then it is transferred to the heat exchanger (HRSG) to provide its remained thermal energy to ORC bottoming
cycle. Process stream [11], is an organic fluid that leaves the heat exchanger as saturated vapor with a pressure of 2000
kPa. Then it expands in the ORC turbine also generating power. In the base case configuration (a), the organic fluid [12]
is then condensed until achieving a saturated liquid state [13] and pumped into the heat exchanger [10]. In the modified
case configuration (b), after passing through the ORC turbine, part of the energy content of organic fluid stream [12] is
recovered in the reheater in order to preheat stream process [15] and, consequently, increase its temperature before this
being fed in the heat exchanger [10]. So, stream [13] leaves the reheat with a lower temperature and then it is
condensed. Finally, the organic fluid exits the condenser as saturated liquid [14] and is transferred to the pump.

The selection of an efficient and safe working fluid is a relevant in order to operate the ORC system efficiently.
Compared to a conventional steam Rankine cycle, the working pressures and temperatures in an ORC are lower,

ensuring better safety (Macchi and Astolfi, 2017). The organic fluid chosen to drive the ORC was cyclohexane, since it
presented greater efficiencies in comparison with other fluids as pointing out in the study done by Chacartegui et al.
(2009), who assessed a system of commercial gas turbines combined with an ORC in two different cycles by applying
several organic fluids.
The assumptions used in the simulations performed in this present work are as follows:
1. All control volumes of the cycle operate at steady state;
2. All devices are adiabatic, except the combustion chamber;
3. Pressure drops are neglected in heat exchangers, combustion chamber and pipes;
4. The organic fluid feeds the ORC turbine as saturated vapor and leaves the condenser as saturated liquid.
The basic input parameters in the proposed systems are listed in Tab. 1.

Table 1. Input parameters assumed in the simulations.

Parameter Value
Total net power produced [kW] 1000
Water steam generated mass flow [kg.s] 0.194

Pressure [kPa] and temperature [K] of water steam generated
Gas Turbine Cycle

506.6 and 433.15, respectively

Biogas molar composition [mol%] 60 CH4 + 40 CO;

Air molar composition [mol%] T9N2+210,

Excess air [%] 200

Inlet pressure [kPa] and temperature [K] of air in the compressor 101.3 and 298.15, respectively
Ratio between outlet and inlet pressures of the air in the 10

compressor (compression ratio)
Inlet pressure [kPa] and temperature [K] of biogas in the
combustion chamber

1013 and 308.15, respectively

Air inlet temperature [K] in the combustion chamber 773.15
Combustion thermal efficiency [%] 97
Gas turbine inlet pressure [kPa] 1013
Gas turbine outlet pressure [kPa] 110
Compressor and gas turbine isentropic efficiencies [%] 80
ORC

ORC turbine inlet pressure [kPa] 2000
ORC turbine outlet pressure [kPa] 40
Pump and ORC turbine isentropic efficiencies [%] 88
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2.2 Energy analysis

The energy performance evaluation was computed by the overall energetic (thermal) efficiency of the power and
heat cogeneration system, given by Eqg. (1).

Wnet + Qh
mbiogasLHVbiogas

Nth = 1)

where Qh is the heat produced [KW]; ritpiqg, is the biogas mass flow rate [kg.s; LHVpiogas biogas low heating value
[kJ.kg™"] ; and W,,, is the net power rate generated [KW].
The heat and net power rates generated can be calculated by Eqg. (2) and (3), respectively.

Qh = Mgteam (}_18 - E7) 2

in Which 7hgeeam is the mass flow rate of the water steam generated (0.194 kg.s) in the steam generator and h refers to
the specific mass enthalpy [kJ.kg?].

Whet = Waas turbine T WORC turbine — WCompressor - WPump (3)

Where W wbine aNd Wore rrbine are the power rates generated by the gas and ORC turbines; and WCompressor and
Wpump correspond to the power rates required by the compressor and pump, respectively. These terms can be calculated
using the following equations:

WGas turbine — mgas(f_le - f_ls) 4)
WORC turbine = mORC(’_hz - 7111) ®)
WCompressor = mair(f_lz - 711) (6
Weump = 1ore(hio — hyz) for base case or Wpymp = morc (s — hus) for modified case (7

being 1g,s ; Mogc; and my;, the mass flow rates [kg.s™!] of the combustion exhaust gases; organic fluid in the ORC;
and air fed in the compressor, respectively.

2.3 Exergy analysis
The exergy performance evaluation was accomplished through two analyses based on exergetic efficiency and

exergy destruction rate, according to Szargut et al. (1988).
The exergy efficiency of a system may be defined as:

T\ - .
Productexergy ( 1 ‘7:) O, Waet @®)

Tex = Total supplied exergy — Mpipgas€Xbiogas

in which, T, and T;, are the reference state and steam generated temperatures; and exy;og,5 IS the specific exergy rate for
biogas [kJ.kg™].
The specific exergy for a substance k in the system can be determined by in Eq. (9).

ex;, = ex; +exf’ ©)

where a,’(’h refers to the specific physical exergy of process stream k, defined by in Eq. (10), and ex£" represents the
specific chemical exergy, calculated using Eq. (11).

ext" = (hy — ho) — To(Sk — o) (10)
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exy = Z yiex,"* + RT, z yiln )’i)k (11)

in which, h, and 3, are the specific mass enthalpy and entropy of the substance, respectively, at the operating
conditions, and h, and 3, stands for properties taken in a reference state; ﬁf"'o is the standard mass chemical exergy
for each component i presented in the substance; y; is the mass fraction of component i; and R is the universal constant
of gases.

Exergy destruction rate for a control volume (cv) can be obtained using Eq. (12).

T J=n s=n
Exd = (1 - _0> ch - Vi/cv + Z mjaj - Z Msexs (12)
TCV n
j=1 s=1
where the subscripts j and s are the input and output streams in the control volume, respectively. The reference state
adopted for all calculations was 1 atm and 298.15 K.
The standard chemical exergies for each component of the systems are listed in Tab. 2.

Table 2. Standard chemical exergy.

Component (i)  ex"° [kJ.kg"]

CHs 51841.85

CO: 451.50

H20 527.35
07) 311.58
N2 25.70

Source: Szargut et al. (1988).
2.4 Parametric Analysis

In order to understand how some operating conditions impact on energetic and exergetic efficiencies, a parametric
analysis was also conducted varying the following input parameters presented in Tab. 3.

Table 3. Input parameters range.

Input parameter Range
Biogas composition [mol% CHa] 50-75
Excess air percentage used in biogas combustion [%] 100 - 250
Compression ratio™ [-] 6-12
Preheated air temperature - Ts [K] 630.75 - 873.15

“Ratio between outlet and inlet pressures of the air in the compressor.
3. RESULTS AND DISCUSSION

The comparison of the thermodynamic performance between the base and modified configurations was done under
the conditions presented in Tab. 1. The main results obtained for each system are shown in Tab. 4.

Table 4. Thermodynamic performance of base and modified cases under the conditions defined at Tab. 1.

Parameter Base case Modified case
Energetic efficiency [%] 53.02 55.49
Exergetic efficiency [%] 38.43 40.22
Biogas consumption [kg.s] 0.1618 0.1546
Power of gas turbine cycle [kW] 771.53 737.33

Power of ORC cycle [kW] 228.47 262.67
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The simulations were carried out for a constant net output power and water steam generation rate of 1000 kW
and 0.194 kg.s%, respectively, for both cogeneration sytems. According to the results, the addition of the reheater in the
ORC bottoming cycle provided an increment in both energetic and exergetic efficiencies from 53.02 % to 55.49 % and
38.43 % to 40.22 %, respectively. Beside this, the modified case configuration could save 4.43 % of biogas
consumption. Thus, in a general way, the modified system has a better performance in comparison to the base case from
thermodynamic point of view.

Figure 2 shows the exergy destruction rate for each equipment of the base and modified systems. It can be observed
that, in both cases, the combustion chamber presented the greatest exergy destruction rate, being responsible for more
than 50 % of all exergy destruction rate in the systems. In addition, the destruction exergy rate was slightly higher for
the base case, especially in the heat exchanger, 48.25 % greater than that one from the modified case. Regarding the
total exergy destruction rate, it was reduced in 7.28 % in the modified case configuration.
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Figure 2. Exergy destruction rate for base and modified case configurations.
3.1 Effect of the biogas composition over system performance

The influence of biogas composition on the system thermodynamic performance was evaluated by varying the molar
fractions of methane from 50 % to 75 %, as demonstrated in Fig. 3. For both systems, as the CH, content increases, the
low heating value of the biogas also increases, requiring less biogas supply to the combustion chamber to achieve the
same net output power (see Tab. 5). This lower fuel supply is responsible to improve the energetic and exergetic
performances. Varying biogas molar composition from 50 % to 75 % of CH, resulted in a reduction of, approximately,
52 % in biogas consumption for both systems, and increased the energetic efficiency from 51.08 % up to 54.87 % for
base case configuration and from 53.49 % up to 57.42 % for the modified one. Regarding the exergetic efficiency, it
raised from 37.19 % to 39.57 % for base case and from 38.94 % to 41.41 % for the modified one.

Table 5. Variation of biogas low heating value and mass flow rate with CH4 molar fraction.

Biogas molar LHV Biogas mass flow [kg.s™]
composition [%0] [kJ.kg™] Base case  Modified case
50 13366.67 0.2222 0.2123
55 15421.52 0.1887 0.1803
60 17687.42 0.1618 0.1546
65 20198.65 0.1398 0.1336
70 22997.32 0.1214 0.1160

75 26135.78 0.1058 0.1011
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Figure 3. Effect of biogas composition over system performance.
3.2 Effect of the excess air percentage over system performance

Figure 4 illustrates the behavior of energetic and exergetic efficiencies against the variation of excess air percentage
in the biogas combustion chamber, which shows that an increase in the excess air percentage fed into the combustion
chamber promotes a decrease in the thermodynamic performance of both systems. This trend was expected and can be
justified by the fact that net output power of gas turbine topping cycle is reduced since it is required a greater power to
drive the compressor. So, to compensate this reduction and keep the total net power output of the system constant and
equal to 1000 kW, more power is generated by ORC bottoming cycle. For this purpose, more biogas had to be supplied
in the combustor, because, increasing excess air, the exhaust gases temperature available to drive ORC was reduced.
Quantitatively, the thermal efficiencies decreased from 55.92 % and 58.52 % to 51.42 % and 53.84 %, for base and
modified cases, respectively. With respect to exergetic efficiencies, they were reduced from 40.53 % and 42.42 % until
37.27 % and 39.02 %, for base and modified configurations, respectively.
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Figure 4. Effect of excess air percentage over system performance.
3.3 Effect of air compression ratio over system performance
The thermodynamic performance of the systems as a function of air compression ratio is given by Fig. 5, showing

that both energetic and exergetic efficiencies increase with the raise of air compression ratio reaching a maximum value
and, from this point, they begin to decrease. This occurs because increasing compression ratio up to a certain value
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causes an increment in the net output power of gas turbine topping cycle and, consequently, decreases the biogas
consumption and the net power of ORC bottoming cycle. Nonetheless, for compression ratios value greater than 8, the
thermodynamic performance of both systems begins to decrease. This happens because the power required by the
compressor increases so much that the net output power of gas turbine topping cycle starts to decrease. Thus, to balance
this decrement while maintaining the total net power output of the combined cycle constant and equal to 1000 kW,
more power begins to be produced by ORC bottoming cycle, increasing the quantity of biogas supplied and, therefore,
decreasing systems thermodynamic performance.
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Figure 5. Effect of air compression ratio over system performance.

3.4 Effect of preheated air temperature over system performance

Figure 6 presents the effect of air inlet temperature in the combustion chamber (T3) on the energetic and exergetic

efficiencies for both system configurations.
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Figure 6. Effect of preheated air temperature over system performance.

This variation was given from the air inlet temperature with no regenerator (630.75 K) up to preheated air
temperature of 873.15 K, as showed in Tab. 3. Increasing the preheated air temperature raises the air specific enthalpy
and, consequently, net output power generated by the gas turbine topping cycle. As a result, the consumption of biogas
supplied is reduced, improving both energetic and exergetic efficiencies. In this study, preheating the air until 873.15 K
decreased the biogas consumption in, approximately, 20 % for both systems in comparison to the case in which no
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regenerator to preheat the air is employed. The energetic efficiencies increased from 45.32 % to 58.51 % and 48.43 %
to 60.52 % for base and modified configurations, respectively. Regarding the exergetic efficiency, it was improved from
32.84 % to 42.44 % for base configuration and 35.10 % to 43.86 % for the modified one.

3.5 Final considerations

From all thermodynamic investigation performed, the application of the modified configuration to generate power
and heat using biogas as a fuel may be indicated since it could achieve better energetic and exergetic efficiencies in all
tested conditions. Also, the operation conditions recommended are the ones that provided higher thermodynamic
performances like biogas molar composition rich in methane; lower quantities of excess air percentage in the biogas
combustion; compression ratio value next to 8; and higher temperatures for the preheated air. Nonetheless, a more
detailed study of optimization should be performed in order to understand how these operational conditions will affect
the system performance together, and determine their exact values. Besides, despite of the modified configuration
operating by the mentioned conditions have presented greater thermodynamic performances, it is also necessary an
economic assessment with the purpose to know if they are in fact more viable, because both the modified configuration
and increasing the preheated air temperature require additional heat exchangers, and it is necessary a biogas generation
process more advanced to obtain a biogas rich in methane. All these modifications will imply a supplementary cost.

4. CONCLUSION

A thermodynamic evaluation in considering both energetic and exergetic efficiencies of a base and modified
cogeneration systems fueled by biogas as a heat source was carried out in this study. Both process simulator and
thermodynamic packages presented reliable results and can be indicated to perform these analyzes.

The systems were simulated to generate a constant net output power of 1000 kW and a quantity of 0.194 kg.s* of
low pressure water steam at 506.6 kPa and 433.15 K. The exergy destruction rate for both systems was investigated as
well. The relevant findings of the current analysis are as follows:

e The addition of a reheater in the ORC bottoming cycle provided an increment in both energetic and exergetic
efficiencies from 53.02 % to 55.49 % and 38.43 % to 40.22 %, respectively, able to save 4.43 % of biogas
consumption, and to reduce in 7.28 % the exergy destruction rate in comparison to the one from the base case.
So, its application to generate power and heat using biogas as a fuel may be indicated.

e In summary, the operation conditions recommended to operate the systems are the ones that provided higher
thermodynamic performances like biogas molar composition rich in methane; lower quantities of excess air
percentage in the biogas combustion; compression ratio value next to 8; and higher temperatures for the
preheated air.

e A more detailed study of optimization should be performed in order to understand how the operational
conditions will affect the systems performance together and to determine their exact values. It is also required
an economic assessment with the purpose to know if these conditions are in fact more viable.

5. ACKNOWLEDGEMENTS

This work was supported by Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq) under the
Project number 870379/1997-6.

6. REFERENCES

ABiogas, 2019. “Potencial do biogés cresce e fonte pode substituir grande parte da demanda nacional por diesel ou
energia elétrica”. Associac¢do Brasileira de Biogés e de Biometano. 30 Jan. 2019 <https://www.abiogas.org.br/copia-
autoridades-sao-confirmadas-nl>.

ANEEL, 2019. “Capacidade total instalada no brasil”. Agéncia Nacional de Energia Elétrica. 30 Jan. 2019
<http://www2.aneel.gov.br/aplicacoes/capacidadebrasil/OperacaoCapacidadeBrasil.cfml>.

Barzegaravval, H., Hosseini, S.E., Wahid, M.A. and Saat, A., 2018. “Effects of fuel composition on the economic
performance of biogas-based power generation systems”. Applied Thermal Engineering, Vol. 128, pp. 1543 — 1554.

Boyce, M. P., 2012. Gas Turbine Engineering Handbook. Fourth edition. Oxford: Butterworth-Heinemann, 2012. ISBN
978-0-12-383842-1.

Chacartegui, R., Sanchez, D., Mufioz, J. M., Sanchez, T., 2009. “Alternative ORC bottoming cycles FOR combined
cycle power plants”. Applied Energy, Vol. 86, pp. 2162 — 2170.



A.E. Achiles, T.S.A. Santiago and J.V.H. d'Angelo
Thermodynamic Evaluation of Power and Heat Cogeneration Systems Fueled by Biogas

Gholizadeh, T., Vajdi, M. and Mohammadkhani, F., 2019. “Thermodynamic and thermoeconomic analysis of basic and
modified power generation systems fueled by biogas”. Energy Conversion and Management, Vol. 181, pp. 463 —
475.

Hosseini, S.E., Barzegaravval, H., Wahid, M.A., Ganjehkaviri, A. and Sies, M.M., 2016. “Thermodynamic assessment
of integrated biogas-based micro-power generation system”. Energy Conversion and Management, Vol. 128, pp.
104 — 119.

Kang, D.W., Kim, T.S., Hur, K.B. and Park, J.K., 2012. “The effect of firing biogas on the performance and operating
characteristics of simple and recuperative cycle gas turbine combined heat and power systems”. Applied Energy,
Vol. 93, pp. 215 — 228. (1) Green Energy; (2)Special Section from papers presented at the 2nd International Enery
2030 Conf.

Kang, J.Y., Kang, D.W., Kim, T.S. and Hur, K.B., 2014. “Comparative economic analysis of gas turbine-based power
generation and combined heat and power systems using biogas fuel”. Energy, Vol. 67, pp. 309 — 318.

Macchi, E. and Astolfi, M., 2017. Organic Rankine Cycle (ORC) Power Systems. [S.l.]: Woodhead Publishing, 2017.
ISBN 978-0-08-100510-1.

Mudasar, R., Aziz, F. and Kim, M.H., 2017. “Thermodynamic analysis of organic rankine cycle used for flue gases
from biogas combustion”. Energy Conversion and Management, Vol. 153, pp. 627 — 640.

Somehsaraei, H.N., Majoumerd, M.M., Breuhaus, P. and Assadi, M., 2014. “Performance analysis of a biogas-fueled
micro gas turbine using a validated thermodynamic model”. Applied Thermal Engineering, Vol. 66, No. 1, pp. 181 —
190.

Sung, T., Kim, S. and Kim, K.C., 2017. “Thermoeconomic analysis of a biogas-fueled micro-gas turbine with a
bottoming organic rankine cycle for a sewage sludge and food waste treatment plant in the republic of korea”.
Applied Thermal Engineering, Vol. 127, pp. 963 —974.

Szargut, J., Morris, D.R. and Steward, F.R., 1988. Exergy analysis of thermal, chemical, and metallurgical process.
Hemisphere Publishing Corporation, 1st edition. ISBN 0891165746.

Zareh, A.D., Saray, R.K., Mirmasoumi, S. and Bahlouli, K., 2018. “Extensive thermodynamic and economic analysis of
the cogeneration of heat and power system fueled by the blend of natural gas and biogas”. Energy Conversion and
Management, Vol. 164, pp. 329 — 343.

7. RESPONSIBILITY NOTICE

The authors are the only responsible for the printed material included in this paper.



