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Abstract:In this work, a natural gas assisted geothermal central heating system in northwestern Turkey 

utilising low enthalpy geothermal fluid and natural gas as the sources for space heating was analyzed.The 

study comprised energy, exergy and thermoeconomic analyses of the system under hybrid operating 

conditions (i.e., from 1 January 2020 to 31 March 2020). The data were collected from a basis of the 

facility which operates the system. The values about the heat pumps were obtained from the department 

of the sales company in Istanbul, Turkey and the ‘Average Values for Hybrid Case’ were determined. 

This work covers energetically, exergetically and thermoeconomically assessment of the system in 

question through its all stages. The results were found with regard to the system performance 

investigation. The whole system efficiencies of energy and exergy were found as 56.77% and 49.93% 

respectively. The exergy cost value per hour and the thermoeconomic factor were calculated as     

411.242 €/h and 9.8% respectively. 

 

Keywords: Energy, Exergy, Thermoeconomic Analysis 
 

Bir Doğalgaz Destekli Jeotermal Merkezi Isıtma Sisteminin Enerji, Ekserji ve Termoekonomik 

Analizi 

 

Öz: Bu çalışmada, alan ısıtması için kaynak olarak düşük entalpili jeotermal akışkan ve doğalgaz 

kullanan ve Türkiye’nin kuzeybatısında bulunan doğalgaz destekli bir jeotermal merkezi ısıtma sisteminin 

analizi yapılmıştır. Çalışma, sistemin hibrit çalışma şartları altında ( 1 Ocak 2020’den 31 Mart 2020’ye 

kadar ) enerji, ekserji ve termoekonomik analizden oluşmaktadir. Veriler sistemi kullanan işletmeden 

toplanmıştır. Isı pompalarına ait kapasite değerleri ise satıcı firmanın İstanbul, Türkiye’deki şubesinden 

elde edilmiştir ve ‘Hibrit Durum İçin Ortalama Değerler’ tespit edilmiştir. Bu çalışma, söz konusu 

sistemin tüm aşamalarındaki enerjetik, ekserjetik ve termoekonomik değerlendirmesini kapsamaktadır. 

Sonuçlar, sistem performansının incelenmesine dayalı olarak bulunmuştur. Tüm sistemin enerji ve ekserji 

verimi sırasıyla %56,77 ve % 49,93 olarak bulunmuştur. Saatlik ekserji maliyeti ve termoekonomik faktör 

sırasıyla 411,242 €/h ve %9,8 olarak hesaplanmıştır.    
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1. INTRODUCTION 

 

While anyone has an understanding about energy, it is a bit difficult to define it 

exactly.Energy can be described as a factor what causes change ( Boles and Cengel, 1989). It is 

the most essential need for the continuation of human life, from waking up in the morning to 

going to bed in the night. The need for energy is rising day after day. All segments in life are 

deeply bound up with energy, from communication and transportation to industry and the 

comforts of the home and business offices and even homeland security ( Singh and Dwevendi, 

2019 ). 

The global demand for energy has been increasing since the industrial revolution with 

regard to prosperity (Bhowmika et.al. 2017). Meeting this increasing demand is one basic 

hardships at this time (Acar and Dincer, 2017). Currently, about 80% of energy demand in the 

world is covered by fossil fuels (Aleixandre-Tudo et.al. 2019). Producing and consuming 

energy by fossil fuels along with biomass and some other sorts of renewable energy is leading 

to emissions of greenhouse gases (GHG) such as nitrous oxides (NOx), sulphur oxides (SOx), 

dust and particulate matters (PMS) which pollute the environment. (Wang et.al. 2019). The 

negative effects of greenhouse gases stem from energy usage and leave a negative impact on 

culture and life standards. Environmental problems also impact the regularity of countries’ 

economies so then are significant conserns. It appears to be that there is a close relationship 

between energy consumption and CO2 emission ( Acar and Dincer, 2017 ). 

Using renewable energy can decrease dependency on fossils, detrimental pollutants 

from energygeneration and consumption, and GHG emissions. Geothermal energy is a 

renewable energy sort coming from the heat of the magma what is the core of the earth 

(Noorollahi et.al. 2019). It is described as a clean, environmentally friendly and cheap 

renewable energy sort (Herez et.al. 2017). Also geothermal energy systems can supply cost 

efficient resources for facilities. This energy sort is more long-lasting, consistent and 

reliable in comparison with other renewable energy sources such as wind energy and solar 

energy (Soltani et.al., 2019). Natural gas is the cleanest fossil fuel compared to other fossil 

fuels. Because three major components those pollute the environment (SO2, PM and smut) 

do not exist in natural gas smoke (Imal et.al., 2013). 

In previous studies, the usage of natural gas with geothermal energy is mostly based on 

the recovery of LNG cold energy for regasification process rather than the direct use of 

natural gas in contrast with the current system. For instance, Ebadollahi et al. (2019) 

proposed a geothermal based system utilising LNG cold energy to produce heating, 

electricity power, cooling outputs and hydrogen production and is constituted of four 

subcycles: an ORC (Organic Rankine Cycle), an ERC (ejector refrigeration cycle) and 

PEM ( proton exchange membrane) cycle. In this system, a refrigerant fluid that circulates 

in ORC and ERC draws geothermal and LNG cold energy to generate electricity, heating 

and cooling power. Also, geothermal fluid that gives some of it heat to the ORC enters the 

PEM unit along with power extracted from LNG turbine to produce H2. The energy and 

exergy efficiencies and the exergy destruction cost of the system were calculated 38.33%, 

28.91% and 43004 $/year. Ghaebi et al. (2018) carried out an energy, exergy and 

thermoeconomic evaluation about an absorption refrigeration based system driven by 

geothermal and LNG cold energy to provide power, heating and cooling commodities. 

They deduced thathigher energy and exergy efficiencies can be acquired by low condenser 

and absorber temperatures along with higher evaporator temperature. Employing the 

heating unit at high temperature decreases both the total cost of product and thermal 

efficiency of the system. Boyaghchi et al. (2015) conducted an optimization work on a 

novel system employing geothermal and solar energiesto output heating, cooling and power 

capacities. In their system, solar and geothermal energies contributes to an ORC via the 

water/CuO nanofluid and brine to produce commodities. They measured the affects of 
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using different working fluids in the ORC to the system performance and the total area of 

heat exchangers. They discovered that the best option from the thermodynamic perspective 

is R134a with 52.08% and 3.19% of thermal and exergetic efficiencies respectively. 

Exergoeconomically, R1234 is the best selection with 5267.91 $/year of total product cost 

while R423A is the best fluid with 116.984 m2 of total minimum exchangers area.Ezzat and 

Dincer (2016) analyzed a novel geothermal-solar based multigeneration system producing 

cooling power for industry, hot water and heating power for domestic applications, 

electricity power and food dry capacity. This system is made of those subsystems: a single 

flash geothermal cycle connected to the heat pump cycle, anabsorption cooling cycle, 

drying and hot water systems, a thermal storage linked with the ancillary steam turbine. 

They assessed this system from thermodynamic viewpoints and found energy and exergy 

efficiencies of the system 69.6% and 42.8% respectively. They also examined changing a 

variety of system variables and observed its effects on thermodynamic efficiencies of 

subsystems and the overall system. They extracted that the energy efficiency of the overall 

system occurs approximately five times higher than the basic geothermal system. 

Rostamzadeh et al. (2019) presented an optimization study on a multigeneration system 

using a geothermal-biogas heat source and constituded of some subsystems such as BSR 

(biogas steam reforming), KC (Kalina cycle), LNG subsystem to output heating, cooling, 

freshwater and hydrogen. They examined the system from the thermodynamic, 

thermoeconomic and environmental standpoints presenting a parametric study based on the 

basic operating conditions and experiencing different working modes. They extracted that 

the system studied is economically a profitable tool for districts taking advantage from 

biogas and low enthalpy geothermal source. Blazquez et.al. (2018) compared three 

geothermal heating systems; adistrict heating geothermal system providing heat by only 

geothermal energy, a district heating geothermal plant supported by an individual natural 

gas system and finally a geothermal plant operated with a natural gas boiler. They 

concluded that the first geothermal system is the best option from both economic and 

environmental perspectives. 

Even if there is a natural gas-assisted geothermal heating system driving low enthalpy 

geothermal fluid in Inegol, Bursa / Turkey, there has not been a comprehensive 

thermodynamic and thermoeconomic study on it. Also, reviewing the literature, it can be 

seen that the use of natural gas to support geothermal systems is mostly based on LNG cold 

energy recovery and there is a lack of assessment about geothermal systems driven by 

natural gas used directly (by combustion). The main goals of this work are to bridge this 

gap and compare the current system with a fore-mentioned type of systems. 

 

2. MATERIALS  AND METHOD 

2.1. System description and working principle 

A schematic representation of the Oylat geothermal heating system (GHS) is given in       

Figure 1. It is a natural gas assisted GHS located 79 km southeast of the city of Bursa in 

northwestern Turkey. The geothermal fluid springs from the production spontaneously. The 

facility started service in 2016. The Oylat GHS has a heat capacity of 1350 kWh and consists of 

four heat transfer cycles (HTC). 

The Oylat GHS utilizes a low-temperature geothermal water at 40 °C and natural gas as the 

source of energy input for heat production. The system has liquid-dominated geothermal water 

characteristic at low temperature. Geothermal water heat is conducted to the HP-HE cycle via 

the stainless steel heat exchangers (SSHE) settled in the geothermal pool in where the 

geothermal water enters at 40 °C and at a rate of 50 kg/s and exists at 35 °C. Circulating water 
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in the HP-HE cycle enters the heat exchangers (HE) at 20 °C and leaves those HEs at 30 °C. 

Heat acquired by the HEs is transferred to water circulates in the HP-AT cycle via the two heat 

pumps (HP).The circulating water in the HP-AT cycle enters the second and first HPs at 

respectively 50 °C and 55 °C and leaves the first HP at 60 °C. Afterwards, the HP-AT cycle 

conducts the heat obtained via HPs to the storaged water in the accumulating tank (AT) group. 

 

 

Figure 1: 

The schematic representation of the Oylat Geothermal Heating System 

 

In addition to this, the heat created by the condensing combi boiler (CCB) group by 

burning natural gas is transferred to the ATs via the CCB-AT cycle to provide extra heat for the 

districts in the coldest days of the year. All accumulated heat in the ATs is conducted to the 

district heating cycle (DHC) and increases the temperature of water in this cycle from nearly   

53 °C to 60 °C and 73 °C to 80 °C in cases of respectively heating by only geothermal energy 

and the hybrid configuration. Finally, water heat in the DHC is emitted to the districts by the 

wall panels. In all cycles, water is circulated by the circulating pumps (CPs). In current analysis 

of the system, these assumptions were made: 

The ambient temperature and atmospheric pressure were taken as 7°C and 0.9 atm 

respectively.The fluid circulated in all cycles of the system was water.The specific heat capacity 

of water was taken as 4.186 kJ/kg°C. Independently, the exergy of natural gas and the products 

of combustion were calculated to be �̇�𝑥𝑁𝐺  = 243 kW and �̇�𝑥𝑝𝑜𝑓 = 9.049 kW respectively. The 
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electricity consumption of the compressors in the HP1 and HP2 were   �̇�𝑐𝑜𝑚𝑝1 = 157 kW and 

�̇�𝑐𝑜𝑚𝑝2 = 148 kW.The heat losses of the heat exchangers in the geothermal fluid pool were 

negligible. In the system water pipes were insulated, therefore the heat losses in those were 

ignored. Heat losses in the compressors, condensers and evaporators of the HPs were taken into 

consideration (�̇�𝑙𝑜𝑠𝑠,𝑐𝑜𝑚𝑝 ≠ 0, �̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔 ≠ 0 and  �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔 ≠ 0).There were no heat losses in 

the throttling valves (�̇�𝑙𝑜𝑠𝑠,𝑒𝑥𝑝 = 0).The refrigerant fluid in the HP cycles was R134a. Although 

the accumulating tanks were insulated, there were still heat losses   (�̇�𝑙𝑜𝑠𝑠,𝐴𝑇 ≠ 0).The system 

lifespan was considered as 20 years with arepayment rate of 6%, an escalation rate of 4% and an 

interest rate of 3%. Annual and daily working periods of the system were assumed to be 180 

days/year and 24 hours/day respectively.The HPs containing the compressors,condensers, 

throttling valves and evaporators had a single cost of 260000 euros including the costs of 

measurement and control equipments and software systems. In the HE group, there were 18 

HEs made of stainless steel with a total cost of 102143 euros. In the AT group, there were 6 

ATs in the system made of stainless steel and with a total cost of 31381 euros. The total storage 

capacity of these equipments was 30000 lt. In the CCB group, there were 8 CCBs operated at 

63% of maximum heating capacity of 150 kW. The total cost of these equipments was 32143 

euros. In each of CP1, CP3 and CP4 groups, there were 3 CPs each with 0.679 kW capacity, 

while in CP2 group, there were 2 CPs each with the same capacity. Each of individual CP5, 

CP6, CP7, CP8, CP9 and CP10 pumps has 1.564 kW capacity. The total cost of CPs was 10627 

euros.The WHPs were made of cold-rolled sheet with a total length of 645 m. 

The cost of WHPs including ancillary items such as PPRC pipes with 25 mm and 20 mm 

diameters was 50000 euros.The total length of water pipes made of steel was assumed to be 

1290 m with a unit cost of 32 euro/m. Including auxiliary equipment, the total cost of those was 

calculated to be 53506 euros. The annual maintenance cost of the system was assumed to be 

5000 euros. 

 

2.2.    Energy Analysis of the System 

The mass of a substance passing through any cross sectional area per unit time is called 

mass flow rate and symbolized by �̇�. The mass flow rate for a particular control volume is 

given by Equation (1). 

 

∑ �̇�𝑖𝑛ℎ𝑖𝑛 =  ∑ �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 (1) 

 

The energy balance of a steady state control volume is defined by Equation (2a) and (2b). 

 

�̇�𝑖𝑛 =  �̇�𝑜𝑢𝑡 (2a) 

(Net energy transfer rate in    

by heat, work and mass) 

(Net energy transfer rate out    

by heat, work and mass) 

 

which is a statement that represents the conversation of energy. The system’s net energy change 

in total through a process corresponds with the difference of the total energy enters and the total 

energy exits from each other. 

 

𝐸𝑖𝑛𝑝𝑢𝑡 −  𝐸𝑜𝑢𝑡𝑝𝑢𝑡 =  ∆𝐸𝑠𝑦𝑠𝑡𝑒𝑚 (2b) 

 

�̇� + ∑ �̇�𝑖𝑛ℎ𝑖𝑛 =  �̇� + ∑ �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 
(3a) 
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where �̇� = �̇�𝑛𝑒𝑡,𝑖𝑛 = �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 is the net heat rate in, �̇� = �̇�𝑛𝑒𝑡,𝑜𝑢𝑡 = �̇�𝑜𝑢𝑡 − �̇�𝑖𝑛 is the net 

work rate out and h is specfic enthalpy. 

      Neglecting small kinetic and potential energy changes and assuming no heat or work 

transmissions, the energy balance equation can be written as below. 

 

∑ �̇�𝑖𝑛ℎ𝑖𝑛 =  ∑ �̇�𝑜𝑢𝑡ℎ𝑜𝑢𝑡 
(3b) 

 

 

For all system, Equation (4) can be written following energy conversation. 

 

�̇�𝑖𝑛,𝑠𝑦𝑠 =  �̇�𝐻𝐻𝑉,𝑁𝐺 + �̇�𝐻𝐸,𝑖𝑛 + �̇�𝐶𝐶𝐵,𝑡𝑜𝑡 +  �̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡 + �̇�𝐶𝑃,𝑡𝑜𝑡 (4) 

 

�̇�𝑜𝑢𝑡,𝑠𝑦𝑠 =  �̇�𝑊𝐻𝑃 +  �̇�𝑙𝑜𝑠𝑠 (5) 

 

�̇�𝐻𝐻𝑉,𝑁𝐺 +  �̇�𝐻𝐸,𝑖𝑛 + �̇�𝐶𝐶𝐵,𝑡𝑜𝑡 + �̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡 + �̇�𝐶𝑃,𝑡𝑜𝑡 =  �̇�𝑊𝐻𝑃 +  �̇�𝑙𝑜𝑠𝑠 (6) 

 

The coefficient of performance for all system can be calculated by Equation (7). 

 

 

𝐶𝑂𝑃𝐻,𝑠𝑦𝑠 =  
�̇�𝑊𝐻𝑃

�̇�𝐶𝐶𝐵,𝑡𝑜𝑡 +  �̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡 + �̇�𝐶𝑃,𝑡𝑜𝑡

 
(7) 

 

For each component of the system, the equations for the energy analysis are given in     

Table 1 (Akbulut et. al, 2016). 

 

2.3.    Exergy Analysis of the System 

 

Exergy (availability) is defined as the most useful work for a system in a certain state. The 

exergy is the system’s asset andalsothe term of ‘exergy’ can be described as theability of 

working. The exergy of a system in the state of balance with its environment is zero. This case 

is called ‘the dead state of the system’ (Akbulut et. al, 2016). Exergy analysis is a convenient 

method to explain the ambient influence of energy sourceusage and to improve the aim of more 

effective energy-source utilization. Because it provides a determination of the points, sorts and 

correct quantities of losses. In addition to this, exergy analysis expresses if and how much it is 

achievable to configurate more productive energy systems by decreasinginefficiencies (Kanoglu 

et all, 2012).A system’s total exergy is comprised of four main elements: kinetic, chemical, 

potential, and physical. Total exergy is given by Equation (8). 

 

 

𝐸𝑥 =  𝐸𝑥𝑃𝐻 + 𝐸𝑥𝐶𝐻 + 𝐸𝑥𝐾𝐸 + 𝐸𝑥𝑃𝐸 (8) 

 

In this paper, physical exergy is only taken into account.Physical exergy what is because of 

the abberation of the pressure and temperature of the system from its environment comprises 

of:thermal exergy related to the temperature of the system and mechanical exergy related to the 

pressure of the system. In a certain thermodynamic condition at pressure P and temperature T, 

the mechanical exergy must be determined by following the isothermal linefrom case [T0,P] to 
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case [T0, P0] at T0 while the thermal exergy can be determined by following the isobaric line 

from condition [T,P] to condition [T0,P] at P. Physical exergy is used to calculate the efficiency 

of the heat pump, therefore it is composed of two elements; as mechanical exergy and thermal 

exergy. 

The value of physical exergy per mass is indicated by  𝜓 for an open system and by ø for a 

closed system. The ambient condition is denoted by zero indices (0). Exergy per unit mass in a 

closed system is calculated by Equation (9) while the exergy in an open system with a steady 

state flow is determined by Equation (10). 

 

ø = (𝑢 − 𝑢0) + 𝑃0(𝑉 − 𝑉0) − 𝑇0(𝑠 − 𝑠0) (9) 

 

𝜓 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) (10) 

 

 

The exergy balance equation for all system can be given as below. 

 

�̇�𝑥𝑖𝑛 − �̇�𝑥𝑜𝑢𝑡 = �̇�𝑥𝐷 (11) 

 

(Net exergy transferby heat, work or mass) (Exergy destruction rate) 

or 

 

�̇�𝑥ℎ𝑒𝑎𝑡 − �̇�𝑥𝑤𝑜𝑟𝑘  + �̇�𝑥𝑚𝑎𝑠𝑠,𝑖𝑛 − �̇�𝑥𝑚𝑎𝑠𝑠,𝑜𝑢𝑡 =   �̇�𝑥𝐷 (12a) 

 

Following this, exergy rate balance equation can also be given as 

 

∑ �̇�𝑘 (1 −
𝑇0

𝑇𝑘
) − �̇� + ∑ �̇�𝑖𝑛 𝜓𝑖𝑛 − ∑ �̇�𝑜𝑢𝑡𝜓𝑜𝑢𝑡 = �̇�𝑥𝑑𝑒𝑠𝑡 

(12b) 

 

Here, �̇� is the work rate and �̇�𝑘 is the rate of heat passing through the boundry at location 

𝑘 and temperature 𝑇𝑘 (Akbulut et. al, 2016). 

For heat pump circuits, exergy is utilized to assess the irreversibility measure of the activity. 

Therefore, the aim of an optimization work is to minimise the exergy destruction in each 

element of the heat pump. The Carnot efficiency given by Equation (13) is used to express 

exergy transmissions during the various processes of the heat pump circuit, where 𝑇0 commonly 

denotes the environmental temperature and �̅�𝑠𝑜  subtends to the mean source temperature, 

Equation (14). The log mean temperature is typically used. The use of this format of the Carnot 

efficiency allows to assess exergy as the ideally recoverable mechanical work from a quantity of 

thermal energy �̇� (Equation (15)). 

 

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 =  |1 −
𝑇0

�̅�𝑠𝑜
| 

     (13) 

 

�̅�𝑠𝑜 =  
𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡

ln (
𝑇𝑖𝑛

𝑇𝑜𝑢𝑡
)

 
     (14) 

 

�̇�𝑥 = �̇�. 𝜂𝐶𝑎𝑟𝑛𝑜𝑡 (15) 

https://tureng.com/tr/turkce-ingilizce/environmental%20temperature
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      Exergetic efficiency is the generated exergy ratio to the supplied exergy for the system, 

which is the electrical power taken by the compressor (Equation (16)). Mechanical work and 

electrical energy are regarded as mere sorts of exergy. The power wasted by the ancillaries is 

also considered in the calculation of exergy efficiency. 

 

𝜂𝑒𝑥−ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =  
�̇�𝑥ℎ𝑒𝑎𝑡𝑖𝑛𝑔

�̇�𝑐𝑜𝑚𝑝 + �̇�𝑎𝑛𝑐𝑖𝑙𝑙𝑎𝑟𝑖𝑒𝑠

 
     (16) 

 

Developing an actual heat pump circuit comprises of minimising the destruction of exergy 

throughout the four operations of the thermodynamic cycle, particularly throughout 

compression. An exergy analysis allows of evaluating each element in where the development 

may be estimated. The theory based formulation of exergy destruction for each process is 

indicated by the equations below (Eqs. (17) – (20)). The destructed exergy rate in the condenser 

and the evaporator is the difference of the exchanged exergy rate between the refrigerant and the 

source. In the expansion period (Eq. (19)), there is an exergy recovery; the value of exergy 

destruction is negative. Temperatures and pressures at each point of the refrigeration cycle 

weredetermined during the numerical calculations. Enthalpy and entropy values were then 

determined using thermodynamic tables (Byrne and Ghoubali, 2019). 

 

�̇�𝑥𝑑𝑒𝑠−𝑐𝑜𝑚𝑝 = �̇� − �̇�. [(ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛) − 𝑇0(𝑠𝑜𝑢𝑡 − 𝑠𝑖𝑛)] (17) 

 

�̇�𝑥𝑑𝑒𝑠−𝑐𝑜𝑛𝑑 = �̇�. [(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡) − 𝑇0. (𝑠𝑖𝑛 − 𝑠𝑜𝑢𝑡)] − �̇�ℎ𝑒𝑎𝑡𝑖𝑛𝑔 . |1 −
𝑇0

�̅�𝑠𝑜
| 

(18) 

 

�̇�𝑥𝑑𝑒𝑠−𝑒𝑥𝑝 = �̇�. [−𝑇0. (𝑠𝑖𝑛 − 𝑠𝑜𝑢𝑡)] (19) 

 

�̇�𝑥𝑑𝑒𝑠−𝑒𝑣 = �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔 . |1 −
𝑇0

�̅�𝑠𝑜
| − �̇�. [(ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛) − 𝑇0(𝑠𝑜𝑢𝑡 − 𝑠𝑖𝑛)] 

(20) 

 

      For all of the investigated system in this study, exergy balance equation: 

 

�̇�𝑊𝐻𝑃 (1 −
𝑇0

𝑇𝐷
) + �̇�𝐶𝑃,𝑡𝑜𝑡 + �̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡+ �̇�𝐶𝐶𝐵,𝑡𝑜𝑡 − [�̇�𝑥𝑁𝐺 + �̇�𝐻𝐸,𝑖𝑛 (1 −

𝑇0

𝑇𝑔𝑓
)] 

= �̇�𝑥𝑑𝑒𝑠,𝑠𝑦𝑠 

 (21) 

 

The ratio of product exergy to fuel exergy is the exergy efficiency. The product exergy 

refers to ambitioned result (denoted with regard to exergy) produced by the considered system. 

The fuel exergy refers to the resources (denoted with regard to exergy) consumed to supply the 

product exergy. Then, without being limited to fossil fuels, the term ‘fuel exergy’ refers to the 

exergetic sources utilized to operate the process analysed. 

 

𝜂𝐼𝐼 =  
�̇�𝑥𝑁𝐺 + �̇�𝐻𝐸,𝑖𝑛 (1 −

𝑇0

𝑇𝑔𝑓
)

�̇�𝑊𝐻𝑃 (1 −
𝑇0

𝑇𝐷
) − �̇�𝐶𝑃,𝑡𝑜𝑡 + �̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡+ �̇�𝐶𝐶𝐵,𝑡𝑜𝑡

 

 

     (22) 
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Table 1. The balance equations of energy and exergy for the entire system and its units. 

Unit Thermoeconomic analysis  Thermoeconomic factor 

 

�̇�𝐻𝐸,𝑖𝑛+�̇�𝑁𝐺,𝐻𝐻𝑉+�̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡 

+�̇�𝐶𝐶𝐵,𝑡𝑜𝑡+�̇�𝐶𝑃,𝑡𝑜𝑡=�̇�𝑊𝐻𝑃+�̇�𝑙𝑜𝑠𝑠,𝑠𝑦𝑠 

 

𝐶𝑂𝑃𝑠𝑦𝑠=
�̇�𝑊𝐻𝑃

�̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡+�̇�𝐶𝐶𝐵,𝑡𝑜𝑡+�̇�𝐶𝑃,𝑡𝑜𝑡
 

�̇�𝑥𝐻𝐸,𝑖𝑛+�̇�𝑥𝑁𝐺+�̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡 

+�̇�𝐶𝐶𝐵,𝑡𝑜𝑡+�̇�𝐶𝑃,𝑡𝑜𝑡 

=�̇�𝑥𝑊𝐻𝑃+�̇�𝑥𝑑𝑒𝑠,𝑠𝑦𝑠+�̇�𝑥𝑙𝑜𝑠𝑠,𝑠𝑦𝑠 

 

𝜂𝐼𝐼,𝑠𝑦𝑠=
�̇�𝑥𝑁𝐺+�̇�𝑥𝐻𝐸,𝑖𝑛

�̇�𝐶𝐶𝐵,𝑡𝑜𝑡+�̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡

+�̇�𝐶𝑃,𝑡𝑜𝑡+�̇�𝑥𝑊𝐻𝑃

 

 

 

�̇�𝐻𝐸,𝑖𝑛 + �̇�4 = �̇�1 + �̇�𝑙𝑜𝑠𝑠,𝐻𝐸 

𝜂𝐼,𝐻𝐸 =
�̇�1 − �̇�4

�̇�𝐻𝐸,𝑖𝑛

 

 

 

�̇�𝑥𝐻𝐸,𝑖𝑛 + �̇�𝑥4 

= �̇�𝑥1 + �̇�𝑥𝑑𝑒𝑠,𝐻𝐸 + �̇�𝑥𝑙𝑜𝑠𝑠,𝐻𝐸 

𝜂𝐼𝐼,𝐻𝐸 =
�̇�𝑥1 − �̇�𝑥4

�̇�𝑥𝐻𝐸,𝑖𝑛

 

 

 

�̇�1+�̇�7+�̇�𝑐𝑜𝑚𝑝1=�̇�2+�̇�8+�̇�𝑙𝑜𝑠𝑠,𝐻𝑃1 

 

𝜂𝐼,𝐻𝑃1 =
�̇�8 − �̇�7

�̇�𝑐𝑜𝑚𝑝1 + �̇�1 − �̇�2

 

 

�̇�𝑥1+�̇�𝑥7+�̇�𝑐𝑜𝑚𝑝1 

=�̇�𝑥2+�̇�𝑥8+�̇�𝑥𝑑𝑒𝑠,𝐻𝑃1+�̇�𝑥𝑙𝑜𝑠𝑠,𝐻𝑃1 

𝜂𝐼𝐼,𝐻𝑃1 =
�̇�𝑥8 − �̇�𝑥7

�̇�𝑐𝑜𝑚𝑝1 + �̇�𝑥1 − �̇�𝑥2

 

 

 

�̇�𝑖𝑛+�̇�𝐶𝑃=�̇�𝑜𝑢𝑡+�̇�𝑙𝑜𝑠𝑠,𝐶𝑃 

𝜂𝐼,𝐶𝑃 =
�̇�𝑜𝑢𝑡

�̇�𝑖𝑛+�̇�𝐶𝑃

 

�̇�𝑥𝑖𝑛+�̇�𝐶𝑃 

=�̇�𝑥𝑜𝑢𝑡+�̇�𝑥𝑑𝑒𝑠,𝐶𝑃+�̇�𝑥𝑙𝑜𝑠𝑠,𝐶𝑃 

𝜂𝐼𝐼,𝐶𝑃 =
�̇�𝑥𝑜𝑢𝑡

�̇�𝑥𝑖𝑛 + �̇�𝐶𝑃

 

 

 

�̇�6+�̇�2+�̇�𝑐𝑜𝑚𝑝2=�̇�3+�̇�7+�̇�𝑙𝑜𝑠𝑠,𝐻𝑃2 

 

𝜂𝐼,𝐻𝑃2 =
�̇�7 − �̇�6

�̇�𝑐𝑜𝑚𝑝2 + �̇�2 − �̇�3

 

�̇�𝑥6+�̇�𝑥2+�̇�𝑐𝑜𝑚𝑝2 

=�̇�𝑥3+�̇�𝑥7+�̇�𝑥𝑑𝑒𝑠,𝐻𝑃2+�̇�𝑥𝑙𝑜𝑠,𝐻𝑃2 
 

𝜂𝐼𝐼,𝐻𝑃2 =
�̇�𝑥7 − �̇�𝑥6

�̇�𝑐𝑜𝑚𝑝2 + �̇�𝑥2 − �̇�𝑥3

 

 

 

�̇�10+�̇�8+�̇�14 

=�̇�11+�̇�5+�̇�12+�̇�𝑙𝑜𝑠𝑠,𝐴𝑇2 

𝜂𝐼,𝐴𝑇 =
�̇�12 − �̇�14

(�̇�8 − �̇�5) + (�̇�10 − �̇�11)
 

�̇�𝑥10+�̇�𝑥8+�̇�𝑥14=�̇�𝑥11+�̇�𝑥5+

�̇�𝑥12+�̇�𝑥𝑑𝑒𝑠,𝐴𝑇2 

                                 +�̇�𝑥𝑙𝑜𝑠𝑠,𝐴𝑇2 

𝜂𝐼𝐼,𝐴𝑇 =
�̇�𝑥12 − �̇�𝑥14

�̇�𝑥8 − �̇�𝑥5 + �̇�𝑥10 − �̇�𝑥11

 

 

 

�̇�11+�̇�𝑁𝐺,𝐻𝐻𝑉+�̇�𝐶𝐶𝐵,𝑡𝑜𝑡=�̇�9+

�̇�𝑙𝑜𝑠𝑠,𝐶𝐶𝐵  

𝜂𝐼,𝐶𝐶𝐵 =
�̇�9 − �̇�11

�̇�𝑁𝐺,𝐻𝐻𝑉 + �̇�𝐶𝐶𝐵,𝑡𝑜𝑡

 

�̇�𝑥11+�̇�𝑥𝑁𝐺+�̇�𝐶𝐶𝐵,𝑡𝑜𝑡 

=�̇�𝑥9+�̇�𝑥𝑝𝑜𝑐,𝐶𝐶𝐵+�̇�𝑥𝑑𝑒𝑠,𝐶𝐶𝐵 

  +�̇�𝑥𝑙𝑜𝑠𝑠,𝐶𝐶𝐵  

𝜂𝐼𝐼,𝐶𝐶𝐵 =
�̇�𝑥9 − �̇�𝑥11

�̇�𝑥𝑁𝐺 + �̇�𝐶𝐶𝐵,𝑡𝑜𝑡

 

 

 

�̇�16+�̇�19+�̇�23+�̇�26=�̇�17+�̇�20+�̇�24+�̇�27+�̇�𝑊𝐻𝑃+�̇�𝑊𝐻𝑃,𝑙𝑜𝑠𝑠 

�̇�𝑥16+�̇�𝑥19+�̇�𝑥23+�̇�𝑥26=�̇�𝑥17+�̇�𝑥20+�̇�𝑥24+�̇�𝑥27+�̇�𝑥𝑊𝐻𝑃+   

                                               +�̇�𝑥𝑑𝑒𝑠,𝑊𝐻𝑃+�̇�𝑥𝑙𝑜𝑠𝑠,𝑊𝐻𝑃 
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      Allowing for the efficiency of the CCBs, compressors and pumps in accordance with 

product/fuel principle, exergy efficiency is determined by Equation (22).  

      For the exergy analysis of each component in the system, the equations given in Table 1 are 

used (Akbulut et. al, 2016). 

 

       2.4.   Thermoeconomic Analysis of the System 

 

The unit exergy cost (i.e., exergy cost) is the energy consumed by a system to generate a 

unit of exergy and is determined by computing the investment and operational costs besides the 

wasted fuel cost. For the thermoeconomic analysis,the system periodforthe generation of 

product and the product volume at the end of this period should be taken into account. Cost 

stems from all sources to generate a product must be regarded and assessed as standby or 

variable costs. Standby costs consist of start-up costs, for instance system installation, and initial 

investment, insurance, amortisation, taxes and other costs. Maintenance charges also take place 

in this class. These standby costs impact the amount of production notably. The variable costs 

consist of spendings such asescalationandraw material fees,fuel, energy and employee fees. The 

variable costs directly impact the volume of production. As a first step to analyze a system, 

initial investment costs must be determined. The initial investment costs differ from the variable 

expenditures and are only worked out once over the operational life of the system. Thus, for 

obtainment of adequate funds to initiate the system, different configurations are necessary.In 

this study, to carry out the thermodynamic analysis of the system, SPECO (Specific exergy 

costing) method was used. 

SPECO is a thermoeconomic analysis approach generated by Lazzaretto and Tsatsaronis, 

(2006) and constituded of three steps: 

 The determination of the exergy quantities enters and exits each component of 

the system. 

 Calculating the exergy fluxes defined asproductand fuel for any element; and 

 The cost determination for the found exergy quantities. 

 

In the thermodynamic analysis of the system, the unit exergy cost (c) for input fluxes of a 

component is supposed known. Therefore, the ‘k’ component’s indeterminate value to be 

computed with a fiscal formulae can be given as the unit produced exergy cost if the heat and 

work generation of the component are known. To determine these costs, using formula is 

typically required. 

In this context, the exergy flow (�̇�𝑥) can be definedas the total exergy flux cost (�̇�) ; 

 

�̇� = 𝑐 �̇�𝑥 (23) 

 

In calculating the system exergy cost, each unit in the system is considered individually. 

Cost balance formula for ‘k’ elements can be expressed as follows. The cost flow balance can 

be defined by Equation (24) with identifying input and output cost per unit. 

 

∑ 𝑐𝑖𝑛�̇�𝑥𝑖𝑛 + �̇�

𝑖𝑛

= ∑ 𝑐𝑜𝑢𝑡�̇�𝑥𝑜𝑢𝑡

𝑜𝑢𝑡

 
(24) 

 

∑ 𝐶𝑒,𝑘 + 𝐶𝑤,𝑘 =  𝐶𝑞,𝑘 + ∑ 𝐶𝑖,𝑘 + 𝑍𝑘

𝑜𝑢𝑡

 
(25) 
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Where �̇� denotes the levelized cost and is the total of the investment and operating costs. 

 

�̇� =  �̇�𝐶𝐼 + �̇�𝑂𝑀 (26) 

 

The expense source of a unit is categorised in two classes. The first consists of the payments of 

exergy such as the initial investment cost, the maintenance and repair cost and operational 

costs). The second class includes the exergy loss and destruction. To enhance the productivity 

of a system element is, the productivity of both elements must importantly be known. As 

assessing the component, the more efficient determinant in terms of the exergy cost denotes 

where developments can be occured to take the most effective results. The thermoeconomic 

factors permit this indication; those factors can be determined by the costs obtained by the use 

of Equation (26) independently of exergy and by Equation (27) which expresses 

thedestructioncost of exergy the system. The exergy factor can be obtained by combining the 

costs of exergy destruction in one equation (Equation 28). 

 

�̇�𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑐𝑓𝑢𝑒𝑙  �̇�𝑥𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 (27) 

 

𝑓𝐶 =
�̇�

�̇� + �̇�𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛

 
(28) 

 

A thermoeconomic computation for each main components denotes that the component 

should be switched to decrease the first investment costs to retrench expenses for the entire 

system (declining the destruction of exergy). The escalated efficiency of a component may be a 

small value of the component even if the initial investment cost of the component rises. 

Therefore, even if the capital and operational expenditures escalate, the component may be 

operated with a higher efficiency. Besides, a comparatively high thermoeconomic factor value 

denotes that the first investment cost for the unit is comparatively high depending on the exergy 

efficiency of the unit or component, i.e., monetary expenses of the component mainly stem from 

investment and operational expenditures. Then, to raise the efficiency of the component, e.g., to 

reduce the difference of temperature in heat flux, an enlargement on the surface or using more 

expensive component which is more efficent will not be reasonable. The characteristically 

thermoeconomic values of %70 for pumps, between %35 and %70 for compressors and %55 for 

heat exchangers are typical (Akbulut et. al, 2016). 

 

2.4.1. Capital Recovery Factor (CRF) 

 

The present amount of an annual cost is defined as the fiscal value for a given process and 

the effective rate of interest is determined by the use of Equation (29). ‘n’ is the estimated 

system lifespan or its units. 

 

𝑃

𝐴
=

(1 + 𝑖)𝑛 − 1

𝑖(1 + 𝑖)𝑛
 

(29) 

 

Also, the capital recovery factor is used in calculating ‘n’ equal ‘p’ pays and is expressed as this 

value (Akbulut et. al, 2016). 
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𝐶𝑅𝐹 =
(1 + 𝑖)𝑛 − 1

𝑖(1 + 𝑖)𝑛
 

(30) 

 

2.4.2. Inflation and Escalation 

 

Inflation is the escalation in price of a certain service or product without any enhancement 

in the quality of aservice or product (or without any enhancement in the same ratio). If inflation 

actualises, the costs change (Akbulut et. al, 2016).Escalation is a variation depending on some 

causes such as technological development, reduced production, resource depletion and demand 

growth or diminishment. While the actual value of escalation is independent of inflation, the 

observed (nominal) value of escalation is yearly change of costs and is impacted by inflation 

and the actualvalue of escalation (Akbulut et. al, 2016). 

 

2.4.3. Levelling and Levellized Cost 

 

If cost escalation is realized to expense over ‘n’ years, an irregular series with the escalation will 

be (1 + 𝑟𝑛) times higher than the preceding year’s escalation. This leads to a rising geometric 

series of expenses. The term called CELF (Constant escalation levelling factor) is used for 

defining the relation between equivalent yearly payments and regarded as the leveling number 

at the starting of the first year. The CELF is subject to the nominal escalation value and the 

effective interest rate and is determined by Equation (32) using the price correction factor, 

Equation (31) (Akbulut et. al, 2016). 

 

𝑘 =
1 + 𝑟𝑛

1 + 𝑖
 

(31) 

 

𝐶𝐸𝐿𝐹 =
𝑘(1 − 𝑘𝑛)

1 − 𝑘
 

(32) 

 

The cost given to value using the defined interest rate (𝑟𝑖) and levelling factor is calculated 

by (𝐴), Equation (33). The cost given to a value is found by using Equation (34) (Akbulut et. al, 

2016). 

 

𝐴 =
𝐶𝐸𝐿𝐹

1 + 𝑟𝑖
 

(33) 

 

�̇� = 𝐴 [
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡

𝑆𝑦𝑠𝑡𝑒𝑚 𝑙𝑖𝑓𝑒𝑠𝑝𝑎𝑛 𝑥 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟 𝑝𝑒𝑟 𝑎𝑛𝑛𝑢𝑚
 

 

+
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟 𝑝𝑒𝑟 𝑎𝑛𝑛𝑢𝑚
] 

 

 

     (34) 

 

2.4.4. Thermoeconomic analysis of the whole system 

 

The thermoeconomic balance of the whole system is indicated by Equation (35). 

 

�̇�𝑄,𝑁𝐺 +  �̇�𝑄,𝐻𝐸 + �̇�𝑊,𝐶𝐶𝐵 +  �̇�𝑊,𝑐𝑜𝑚𝑝 + �̇�𝑊,𝐶𝑃 + �̇�𝑠𝑦𝑠𝑡𝑒𝑚 =  �̇�𝑄,𝐷 (35) 
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Table 2. Thermoeconomic analysis and thermoeconomic factor equations. 

Unit Thermoeconomic analysis Thermoeconomic factor 

 

 

𝑐𝑔𝑓�̇�𝑥𝐻𝐸,𝑖𝑛+𝑐𝑁𝐺,𝑖𝑛�̇�𝑥𝑁𝐺                                                                    

+𝑐𝐸�̇�𝑐𝑜𝑚𝑝,𝑡𝑜𝑡+𝑐𝐸�̇�𝐶𝐶𝐵,𝑡𝑜𝑡                                              

+𝑐𝐸�̇�𝐶𝑃,𝑡𝑜𝑡+�̇�𝑠𝑦𝑠=𝑐ℎ,𝑊𝐻𝑃�̇�𝑥𝑊𝐻𝑃 

 

 

𝑓𝑠𝑦𝑠=
�̇̇�𝑠𝑦𝑠

�̇�𝑠𝑦𝑠+(𝑐𝑔𝑓+𝑐𝑁𝐺,𝑖𝑛+𝑐𝐸)�̇�𝑑𝑒𝑠
 

 

 
 

𝑐4�̇�𝑥4 + �̇�𝐻𝐸 = 𝑐1�̇�𝑥1 

 

𝑓𝐻𝐸 =
�̇�𝐻𝐸

�̇�𝐻𝐸 + 𝑐𝐸�̇�𝑥𝑑𝑒𝑠,𝐻𝐸

 

 

 

 

𝑐1�̇�𝑥1+𝑐7�̇�𝑥7+𝑐𝐸�̇�𝑐𝑜𝑚𝑝1+�̇�𝐻𝑃1 

=𝑐2�̇�𝑥2+𝑐8�̇�𝑥8 
𝑐1 = 𝑐2 

 

 

𝑓𝐻𝑃1 =
�̇�𝐻𝑃1

�̇�𝐻𝑃1 + 𝑐𝐸�̇�𝑥𝑑𝑒𝑠,𝐻𝑃1

 

 

 

𝑐6�̇�𝑥6+𝑐2�̇�𝑥2+𝑐𝐸�̇�𝑐𝑜𝑚𝑝2+�̇�𝐻𝑃2 

=𝑐3�̇�𝑥3+𝑐7�̇�𝑥7 
 

𝑐2 = 𝑐3 , 𝑐6 = 𝑐7 

 

𝑓𝐻𝑃2 =
�̇�𝐻𝑃2

𝑍𝐻𝑃2 + 𝑐𝐸�̇�𝑥𝑑𝑒𝑠,𝐻𝑃2

 

 

 

 

𝑐𝑖𝑛�̇�𝑥𝑖𝑛+𝑐𝐸�̇�𝐶𝑃+�̇�𝐶𝑃=𝑐𝑜𝑢𝑡�̇�𝑥𝑜𝑢𝑡 
 

 

 

𝑓𝐶𝑃 =
�̇�𝐶𝑃

�̇�𝐶𝑃 + 𝑐𝐸�̇�𝑥𝑑𝑒𝑠,𝐶𝑃

 

 

 

𝑐10�̇�𝑥10+𝑐8�̇�𝑥8+𝑐14�̇�𝑥14+�̇�𝐴𝑇 

=𝑐11�̇�𝑥11+𝑐5�̇�𝑥5+𝑐12�̇�𝑥12 

 

𝑐11=𝑐12 , 𝑐17= 0 

 

𝑓𝐴𝑇 =
�̇�𝐴𝑇

�̇�𝐴𝑇 + (𝑐𝑁𝐺 + 𝑐𝐸)�̇�𝑥𝑑𝑒𝑠,𝐴𝑇

 

 

 

𝑐𝑁𝐺,𝑖𝑛�̇�𝑥𝑁𝐺+𝑐11�̇�𝑥11+𝑐𝐸�̇�𝐶𝐶𝐵,𝑡𝑜𝑡 

+�̇�𝐶𝐶𝐵=𝑐9�̇�𝑥9+𝑐𝑁𝐺�̇�𝑥𝑝𝑜𝑐 
 

𝑐𝑁𝐺,𝑖𝑛= 0                                                             

 

𝑓𝐶𝐶𝐵=
�̇�𝐶𝐶𝐵

�̇�𝐶𝐶𝐵+(𝑐𝐸+𝑐𝑁𝐺)�̇�𝑥𝑑𝑒𝑠,𝐶𝐶𝐵
 

 

 

 

 

𝑐16�̇�𝑥16+𝑐19�̇�𝑥19+𝑐23�̇�𝑥23+𝑐26�̇�𝑥26 

+�̇�𝑊𝐻𝑃=𝑐17�̇�𝑥17+𝑐20�̇�𝑥20+𝑐24�̇�𝑥24 

                                           +𝑐27�̇�𝑥27 

 

 
 

 

      The thermoeconomical value that stems from the operation and configuration of the system 

is computed as a financial value, Equation (36). 

 

�̇�𝑠𝑦𝑠𝑡𝑒𝑚 = �̇�𝑠𝑦𝑠𝑡𝑒𝑚
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

+  �̇�𝑠𝑦𝑠𝑡𝑒𝑚
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

+ �̇�𝑠𝑦𝑠𝑡𝑒𝑚
𝑤𝑎𝑠𝑡𝑒  (36) 
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The thermoeconomic factor is found by Equation (37). 

𝑓𝐶,𝑠𝑦𝑠𝑡𝑒𝑚 =
�̇�𝑠𝑦𝑠𝑡𝑒𝑚

�̇�𝑠𝑦𝑠𝑡𝑒𝑚 + �̇�𝑑𝑒𝑠𝑡,𝑠𝑦𝑠𝑡𝑒𝑚

 
(37) 

 

For the thermoeconomic analysis of the system and each components with specified boundaries 

and control volumes, the equations given in Table 2 are used (Akbulut et. al, 2016) 

3.   RESULTS AND DISCUSSION 

 

The system in this study is investigated in three parts. In the first part, energy analysis and 

efficiency take place. The second part includes exergy analysis and efficiency while the third 

part contains thermoeconomic analysis and thermoeconomic factor. The system configuration 

comprises of four thermodynamic cycles and 16 components as mentioned in the second part of 

the study. However, for all circulating pumps, the total values are given in this part of the 

work.The point energy/exergy values of the system are presented in Table 3. The energy loss 

and efficiency of the components in the system are given in Table 4. 

 

Table 3. Point energy and exergy values of the system. 

Point �̇� (kg/s) T (°C) h (kJ/kg) s (kJ/kgK) �̇� (kW) �̇�x (kW) 

1 25.00 30 125.790 0.4369 3144.750 93.650 

2 25.00 25 104.890 0.3692 2622.250 57.650 

3 25.00 20 83.960 0.2966 2099.000 30.000 

4 25.00 20 83.960 0.2966 2099.000 30.000 

5 30.55 50 209.330 0.7038 6395.031 383.494 

6 30.55 50 209.330 0.7038 6395.031 383.494 

7 30.55 55 230.230 0.7675 7033.526 473.708 

8 30.55 60 251.130 0.8312 7672.021 570.704 

9 9.016 80 334.910 1.0753 3019.548 307.562 

10 9.016 80 334.910 1.0753 3019.548 307.562 

11 9.016 60 251.130 0.8312 2264.188 168.427 

12 47.220 80 334.910 1.0753 15814.450 1611.656 

13 47.220 80 334.910 1.0753 15814.450 1611.656 

14 47.220 73 305.550 0.9898 14428.071 1355.723 

15 4.417 80 334.910 1.0753 1479.297 150.755 

16 4.417 80 334.910 1.0753 1479.297 150.755 

17 4.417 73 305.550 0.9898 1349.614 126.815 

18 17.668 80 334.910 1.0753 5917.189 603.022 

19 17.668 80 334.910 1.0753 5917.189 603.022 

20 17.668 73 305.550 0.9898 5398.457 507.262 

21 17.668 73 305.550 0.9898 5398.457 507.262 

22 7.465 80 334.910 1.0753 2500.103 254.786 

23 7.465 80 334.910 1.0753 2500.103 254.786 

24 7.465 73 305.550 0.9898 2280.930 214.326 

25 17.668 80 334.910 1.0753 5917.189 603.022 

26 17.668 80 334.910 1.0753 5917.189 603.022 

27 17.668 73 305.550 0.9898 5398.457 507.262 

28 17.668 73 305.550 0.9898 5398.457 507.262 
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According to this data, it can be stated that the most energy loss actualised in the accumulating 

tanks while the lowest energy loss actualised in the heat exchangers situated in the geothermal 

fluid pool. The total energy losses were 645.971 kW in the accumulating tanks, 254.910 kW in 

the condensing combi boilers, 41.005 kW in the Heat Pump 1, 32.755 kW in the Heat Pump 2 

and 36.379 kW in the WHS panels. The first law efficiencies of the system components are also 

given in Table 4. According to this table, the less efficient components  were thecondensing 

combi boilers at 74.7% and the accumulating tanks at 68.2%. Therefore, these units should be 

enhanced. 

 

Table 4. Energy loss and efficiency of the system and its components. 

Components �̇�𝐢𝐧𝐩𝐮𝐭 (kW) �̇�𝐨𝐮𝐭𝐩𝐮𝐭 (kW) �̇�𝐥𝐨𝐬𝐬 (kW) 𝛈𝐈 (%) 

All System 2377.873 1350 1027.873 56.77 

Heat pump 1 10335.276 10294.271 41.005 93.96 

Heat pump 2 9165.281 9132.526 32.755 95.12 

Condensing combi 

boiler group  

3274.458 3019.548 254.91 74.76 

Heat exchangers 3144.750 3144.750 0 100 

Accumulating tank 

group 

25119.64 24473.669 645.971 68.21 

Circulating pumps 53955.574 53938.721 16.853 99.96 

Wall heating panels 15814.450 14428.071 36.379 97.37 

 

Each of condensing combi boilers are operated at 63% of maximum capacity at 150 kW. In 

this case more heat conveyed to the accumulating tanks from condensing combi boilers and the 

heat amount not utilized stored in the accumulating tanks. This led to the less efficiency of 

theaccumulating tanks. In case of using 7 combi boilers, the efficiency of the accumulating tank 

group reaches at 71% whilst the the efficiency of the CCB group decreases to 72% which is the  

balance condition between the combi boiler and accumulating tank group. Because, decreasing 

the number of the combi boilers more increases the efficiency of the accumulating tank group 

but declines the efficiency of the CCB group.The equations used to determine the input exergy 

amount, the output exergy amount, the exergy destruction amount and the second law efficiency 

of the system and its components are given in Table 1. The values in Table 5 are based on these 

equations. 

 

Table 5. Exergy loss and efficiency of the system and its components. 

Components �̇�𝐱𝐢𝐧𝐩𝐮𝐭 (kW) �̇�𝐱𝐨𝐮𝐭𝐩𝐮𝐭 (kW) �̇�𝐱𝐝𝐞𝐬𝐭 

(kW) 

𝛈𝐈𝐈 (%) 

All System 1150.497 574.555 575.942 49.93 

Heat pump 1 724.358 628.354 856.499 17.28 

Heat pump 2 589.144 503.708 826.666 14.94 

Condensing combi 

boiler group  

1167.014 316.611 850.403 13.93 

Heat exchangers 140.254 93.650 46.604 57.73 

Accumulating tank 

group 

2233.989 2163.567 70.422 78.42 

Circulating pumps 4249.186 4237.765 11.421 99.73 

Wall heating panels 1611.656 1424.367 187.288 36.651 

 

By examining Table 5, the exergy destruction with the highest rate occurred in the heat 

pump 1 with 856, 499 kW while the lowest exergy destruction rates occured in the circulating 
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pumps and the heat exchanger group as 11.421 kW and 46.604 kW, respectively. According to 

this system analysis associated with exergy efficiency, the highest exergy efficiency was 

obtained in the circulating pumps with 99.73%. Compatibly with the exergy destruction rates, 

the lowest exergy efficiencies was detected in the condensing combi boiler group, heat pump 2 

and heat pump 1 with 13.93%, 14.80% and 16.90%, respectively. Especially, the high electricity 

consumption of the condensing combi boiler group impacted significantly the efficiency of this 

unit and the all system. Meanwhile, the less exergetic efficiency of the heat pumps was caused 

of the high compressor powers of these devices and the less temperature difference in cooled 

water. On the other hand, the high exergy destruction rates in the heat pumps stemmed from the 

high pressure differences in the compressors. 

Using the equations in Table 2, the thermoeconomic analysis results of the system and each 

components are presented in Table 6. In this part of the study, three main parameters were 

considered as the economic variables. These are the levellized cost, exergy destruction cost and 

thermoeconomic factor. For the whole system, those were calculated as 45.164 €/h, 411.242 €/h 

and 9.8% respectively.In Table 6, the exergy cost distributions of the system components are 

also presented. The exergy cost of the heat pump 1, heat pump 2, condensing combi boiler 

group, accumulating tank group, all of circulating pumps and wall heating panels were   

115.596 €/h, 111.531 €/h, 128.821 €/h, 19.916 €/h, 1.608 €/h and 33.555 €/h respectively. 

According to Table 6, the thermoeconomic factor was 11% and %8 for the heat pump 1 and 

heat pump 2 while it was 7.9%, 5%, 43.73% and 12.704% for the condensing combi boiler 

group, accumulating tank group, circulating pumps and wall heating panels respectively. In the 

system, the lowest thermoeconomic factor values were obtained for the accumulating tank 

group, condensing combi boiler group, heat pump 2 and heat pump 1. To increase the 

thermoeconomic factor values of those elements, the exergy losses and exergy costs in those 

components should be decreased. 

 

Table 6. Thermoeconomic results of the system and its components. 

Components �̇� (€/h) �̇� (€/h) 𝒇 (%) 

All System 45.164 411.242 9.8 

Heat pump 1 15.191 115.596 11.00 

Heat pump 2 10.040 111.531 8.00 

Condensing combi 

boiler group  

11.085 128.821 7.90 

Heat exchangers 1.022 0 100 

Accumulating tank 

group 

1.183 19.916 5 

Circulating pumps 1.757 1.608 43.73 

Wall heating panels 4.883 33.555 12.704 

 

A comparison work between current findings and those of Ebadollahi et al. (2019) and 

Ghaebi et al. (2018) are conducted. In this context, comparison results are presented from 

energy, exergy and thermoeconomic standpoints. Firstly, a multigeneration system based on 

geothermal energy and utiling cold energy of LNG analyzed by Ebadollahi et al. (2019) is 

addressed and the results of this current study are compared with those of it in accordance with 

the normal operating conditions of both system. The heating capacity of the current system 

outperforms that of Ebadollahi et al. (2019) whose heating capacity is only 334.8 kW. As 

mentioned before, the overall energy and exergy efficiencies of the current system are 56.77% 

and  49.93% respectively. Thermodynamically, the system investigated in this paper has higher 

overall both thermal and exergy efficiencies than those of Ebadollahi et al. (2019) with 

respectively 18.44% and 21.02%.Hence, the current system is more efficient than that of 

Ebadollahi et al. (2019) from thermodynamic standpoint.However, the system studied by 
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Ebadollahi et al. (2019) outperforms the current system thermoeconomicallysince its nearly 8 

times less amount of exergy destruction cost.Secondly, the system assessed by Ghaebi et al. 

(2018) is taken into consideration to be compared with this current system from thermodynamic 

and thermoeconomic viewpoints. The system they analyzed is a trigeneration system utilising 

geothermal energy and cold energy of LNG. Both systems are compared with each other 

according to their normal operating conditions. The overall thermal efficiency of the system 

studied by Ghaebi et al. (2018) is 29.15% higher than the current system by 85.12%, while its 

exergetic efficiency is 31.41% less than the current system by 18.52%. Although the higher 

thermal efficiency of the system that of Ghaebi et al. (2018), its heating output is only 35.3 kW. 

To this data, the current system is exergetically more efficient than that of Ghaebi et al. (2018) 

and generates more heat power. However, the annual exergy destruction cost of the system 

studied in this paper is approximately 3 times higher than that of Ghaebi et al. (2018) whose 

yearly exergy destruction cost is 103.529 $/year. 

 

Table 7. Comparison of the present system with that of Ebadollahi et al. And Ghaebi et al. 

Parameters Current system Ebadollahi et al. Ghaebi et al. 

Heating capacity (kW) 1350 334.80 35.30 

Overall thermal efficiency (%) 56.77 38.33 85.92 

Overall exergetic efficiency (%) 49.93 28.91 18.52 

Overall exergy destruction cost 

($/year) 

332204.91 43004 103529 

 

      In the light of this information, it can be said that the total exergy desruction cost of the 

system is notably high by 332204.914 $/year (1€ = 1.121 $ and the current system is operated in 

the hybrid mode for only 1 month per year). This stems from the high exergy destruction rates 

in the heat pumps and CCB group. The reason of the high exergy destruction rates in the heat 

pumps is the high specific entropy difference between inlet and outlet points of the compressors 

belong to these heat pumps. In optimization works, heat pumps with less exergy destruction 

rates and costs can be designed by specifying the allowable low and high pressure values of 

these heat pumps closer to each other.As to CCBs, we can say that the high exergy destruction 

rate in these equipment occurs because of that a major of the fuel exergy is not conducted to the 

heated water circulated between CCBs and ATs. By increasing the amount of heated water in 

CCBs, the exergy destruction rate and so the exergy destruction cost in this unit can be 

decreased. 

 

4.   CONCLUSIONS 

In this paper, the main objective was to conduct the thermodynamic andthermoeconomic 

analysis of natural gas assisted geothermal heating system. For this, Oylat Geothermal Central 

Heating System was selected. The investigation containing energy and exergy analysis was 

carried out between 1 January 2020 and 31 March 2020. The data were collected from the basis 

of the facility in questionby reviewing the computer displayswhich were systemized to control 

and observe the operating conditionals of the system and by holding a consultation with 

technical staff of that facility. In addition to this, the system was examined on-site to acquire 

correct information about the systemdesign.The values about the heat pumps were collected 

from the department of the sales company in Istanbul, Turkey and the ‘Monthly Average 

Values’ were determined. On the basis of theoretical analysis, thermodynamic values belong to 

the system were detected. These values were used to obtain the final energy, exergy and 

thermoeconomic results. According to these results: 

The energy and exergy efficiencies of the whole system were found as 56.77% and 49.93% 

respectively. Because the heat losses of the heat exchangers were negligible, the energy 
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efficiencies of those were 100% and their exergy efficiencies were 57.73%.The heat transfer 

efficiencies of the Heat Pump 1 and Heat Pump 2 were 93.96% and 95.12% respectively. 

However, their exergy efficiencies were 17.28% and 14.94% respectively. The lower exergy 

efficiencies of the heat pumps stem from their low Carnot efficiencies and high electricity 

consumptions in the compressors.  The condensing combi boiler group transferred heat at 

74.76% efficiency while the exergy efficiencies of this group was 13.93% caused of that the 

electricity consumption of this equipment was too higher than the exergy rate transferred to 

water heated. The energy and exergy efficiencies of the accumulating tank group were 68.21% 

and 78,42% respectively. Because this unit acquired more heat power than they conducted into 

the water in the district heating cycle, the energy efficiency in this unit found relatively low. The 

average exergy costs of all system elements were determined. The exergy costs from higher to 

lower, of the condensing combi boiler group, heat pump 1, heat pump 2, wall heating panels, 

accumulating tank group and all of circulating pumps were respectively 128.821 €/h,      

115.596 €/h, 111.531 €/h, 33.555 €/h, 19.916 €/h and 1.608 €/h.  The thermoeconomic factor for 

the entire system was calculated as 9.8%. Since this value was relatively low in the 

accumulating tank group, condensing combi boiler group and heat pump 2, in the possible 

optimisation study of these units, the exergy destructions should be taken into consideration. 
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