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Abstract  

Effective heat and power supply to offshore installations leads to environmental benefits, but the 

efficiency is often limited by requirements and constraints connected to the offshore 

environment. An exergetic analysis of gas turbines exhaust heat recovery on offshore platforms 

is performed to identify optimal approaches to produce heat and power. Two different 

configurations are presented, with heat delivery at two temperature levels and power production 

by an organic Rankine cycle (ORC). In one system (cascade), the high temperature heat is taken 

from the exhaust after the ORC, while low temperature heat is taken from the ORC condenser. 

Alternatively, high and low temperature heat is taken from the exhaust gas before the ORC feeds 

on the remaining exhaust thermal energy (series system). Four different working fluids (three 

siloxanes, one refrigerant) are considered. In addition, the exergetic effects of the heat loads and 

heat source temperatures are investigated. The results revealed that MM and R124 are the best 

working fluids for the cascade and series system, respectively. A recuperated ORC in the series 
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system improve the siloxane results, with MM as the best working fluid. Moreover, decreasing 

the ORC minimum pressure in the series system makes considerable improvement.  
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Cogeneration 

High-temperature ORC 

Siloxane 

1. Introduction 

Oil and gas extraction from offshore petroleum fields is an energy intensive process, which 

consumes from 10 to several hundreds of megawatt of electrical power as well as heat [1]. The 

energy requirements are a function of the system design, the export specifications and the 

properties of the field. Normally, offshore facilities are designed for the maximum amount of oil 

and gas extraction [2]. When the hydrocarbon production decreases as the field ages, the power 

demand increases due to recovery techniques like water injection [3]. The common strategy to 

meet the varying power demand is to employ several local gas turbines with relatively low 

thermal efficiency. The thermal energy available in the exhaust gas is then harvested by waste 

heat recovery units to provide heat to the platform. This basic layout has obvious advantages in 

terms of high operational flexibility and ease of implementation. However, significant room for 

improvements was identified as other concepts showed potential to achieve better performance 

[4]. Efficiency improvements were identified as a sustainable option to simultaneously satisfy 
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economics and energy security as well as the environmental objectives [5]. Considering the 

thermodynamic performance of petroleum platforms, efficiency increase is achievable through 

improving the performance of the processing plant, e.g. by decreasing irreversibility in heat 

exchangers [6]–[8], as well as the efficiency of the utility plant, e.g. by bottoming cycles [9]–

[12]. Although the second route has been the subject of different studies, it has limitations for 

offshore facilities. For example, integration of steam cycles (as a bottoming cycle) in offshore 

facilities is not common due to the high cost to weight ratio of the equipment. To make the 

concept viable, the additional investment costs associated with the supplementary weight and 

space have to be outweighed by the financial gain of exporting a higher amount of hydrocarbons 

and of emitting less CO2. A compact combined cycle had a weight-to-power ratio 60-70% higher 

than that of a simple gas turbine [10]. On the other hand, organic Rankine cycles (ORCs) have 

some considerable advantages in comparison with steam cycles, such as operating at lower 

pressures, having lower operating/maintenance cost and being adaptable to low/medium grade 

heat sources [13]–[15]. In recent years, waste heat recovery from offshore fields via ORCs has 

been the focus of attention, although there is no practical case. The following literature review 

represents some of the most recent research in this subject. 

Barrera et al. [16] investigated exergetic performance of a Brazilian floating oil platform 

equipped with ORC. They used cyclopentane as the working fluid and determined the best 

configuration of the ORC based on its vapor saturation curve.  It was found that the output 

power, utilizing the exhaust gas exergy, was considerable, and that the ORC saved 15 – 20% of 

the fuel consumption. For the case of the Draugen offshore platform in the North Sea, a proposed 

waste heat recovery by an ORC from the Siemens SGT-500 gas turbine installed on the field was 

studied by Pierobon et al. [17]. Using a genetic algorithm, the performance of the ORC was 
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optimized considering some decision variables, i.e. the working fluid, the evaporator pressure 

and temperature, the pinch points and the temperatures and velocities in the heat exchangers. 

Their optimization resulted in choosing cyclopentane and acetone as the proposed optimal 

working fluids, where cyclopentane had a higher thermal efficiency compared with acetone. A 

cogeneration system producing power, heating and fresh water from waste heat at a Persian Gulf 

offshore field was outlined and analyzed by Eveloy et al. [18]. They recovered thermal energy of 

the exhaust gas using an ORC, which ran a reverse osmosis desalination system. In addition, 

condensation heat rejected from the ORC was used for process heating. They showed that the 

combination of the cogeneration system  (with MDM as the ORC working fluid) led to a 6 MW 

net power output, 1380 m
3
/hour of fresh water and 37 MW of process heat. This increased the 

gas turbine exergetic efficiency by 6%. In a case study, Khatita et al. [19] analyzed basic and 

recuperated ORCs in order to recover the waste heat and convert it into power in an existing gas 

treatment section in Egypt. They made use of several working fluids in their simulations to 

consider the effects on the system decision parameters like net output power and efficiency. 

According to this study, a recuperated cycle with either benzene or cyclohexane as working 

fluids can be the most promising option. A comprehensive assessment of bottoming ORC based 

waste heat recovery from a wide range of gas turbines, with power ratings generally employed 

offshore, was conducted by Bhargava et al. [20]. Two kinds of thermal connection between the 

gas turbine exhaust gas and the ORC were considered, namely with and without a secondary heat 

transfer fluid. They used cyclopentane and Dowtherm-A as the ORC working fluid and heat 

transfer fluid, respectively. These authors found that compared to direct evaporation, the 

intermediate (secondary) heat transfer fluid had some practical benefits, however, gave poorer 

thermodynamics performance. 
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The review of the relevant literature showed that many aspects related to the utilization of 

offshore combined cycles have been thoroughly investigated. However, two main gaps were 

identified in the body of knowledge. First, combined heat and power configurations have not 

been studied in depth, as the heat requirements of offshore installations are often ignored. The 

few studies considering the issue focused on steam Rankine cycles [12], [21], [22], while the 

potential of an ORC bottoming cycle in a cogenerative mode was relatively unexplored. Second, 

the vast majority of the studies were based on case studies making the obtained outcomes case-

specific and difficult to generalize. Such approach is limiting when assessing the feasibility of a 

technology for a given application, especially when a large range of working conditions are 

possible as it is the case for offshore oil and gas platforms. The present work addresses both gaps 

giving a novel contribution to the field of study. To the best of the authors’ knowledge, there is 

no other scientific work that deals with offshore power and heat production from gas turbines 

waste heat by means of an ORC and that considers a wide spectrum of facility heat loads and 

varying exhaust gas temperatures. The main aim of the present study is to investigate the most 

efficient opportunities of waste heat recovery from the offshore gas turbine exhaust gas and to 

provide guidelines on the optimal approaches to combined heat and power production based on 

the characteristics of offshore installations. Since no standard configuration exists, two different 

layouts are presented and compared from the viewpoint of exergy. These configurations were 

based on the idea of power generation followed by heat production and vice versa, namely 

cascade and series systems, respectively. Effects on the system exergetic performance of 

different working fluids were investigated. In addition, results were compared for the series 

system with simple and recuperated ORC, considering two condenser pressure levels. 
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Furthermore, the distribution of exergy destruction within the system components operating with 

the most appropriate working fluid was obtained under the specified conditions. 

2. Systems description and assumptions 

2.1.System description 

The cogeneration systems considered in this study are shown schematically in Figs. 1 and 2. The 

heat demand of the generic offshore facility was assumed to be at two temperature levels 

(described in detail in the following subsection). Therefore, heat recovery from the gas turbine 

exhaust gas occurred at two different stages. In the cascade configuration shown in Fig. 1, the 

power generation is followed by heat production. Ideally, this is the most efficient layout from an 

exergy viewpoint. As shown, the gas turbine exhaust gas is first utilized in the ORC evaporator 

(EVA) to run the ORC and generate mechanical power. The remaining available thermal energy 

of the exhaust gas is then used in Heat Exchanger 2 (HEX2) to produce high temperature heat. 

The organic working fluid evaporates before expanding in the ORC turbine (ORCT). Next, it 

enters Heat Exchanger 1 (HEX1) and is cooled to the saturated liquid by delivering heat to the 

heat transfer fluid. HEX1 acts as a condenser for the ORC and as a heat source to produce the 

low temperature process heat. The heat transfer fluid absorbs heat from the ORC working fluid 

in HEX1 and supplies it to the low temperature processes (LTP). Similarly, heat transfer fluid is 

heated in HEX2 to the appropriate temperature for high temperature processes (HTP).  

In the configuration shown in Fig. 2, power generation follows after heat production. Here, the 

heat recovered from exhaust gas first produces the high temperature heat in HEX1, and then the 

low temperature heat in HEX2, and finally the power. The exhaust gas is cooled to the minimum 

allowed temperature in the evaporator (EVA) and evaporates the ORC working fluid to run the 



7 
 

ORC turbine. The expanded organic fluid is cooled to saturated liquid state in the ORC 

condenser before flowing to the pump (ORCP). Pressurized working fluid then enters the 

evaporator and completes the cycle. 

 

Fig. 1 Schematic diagram of the proposed cogeneration cascade system  
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Fig. 2 Schematic diagram of the proposed cogeneration series system 

 

2.2.Analysis framework  

To allow for more general results, a large range of realistic cases were assessed rather than a 

specific case study. Two parameters were varied to define the different cases: 

 The temperature of the gas turbine exhaust gas 

 The overall heat requirement of the offshore installation 

With respect to the exhaust gas temperature, four values were considered (375 °C, 450 °C, 525 

°C and 600 °C).  The values selected did not necessarily represent any existing gas turbine, but 

aimed to represent the range of gas turbine models relevant for offshore applications. A selection 

of gas turbines currently used offshore, with design and performance data at specified ambient 

conditions, can be found in [20]. Similarly, the heat requirement was varied to encompass 

different scenarios representing offshore plants with different characteristics or in different 

stages of field exploitation. Five values were considered, ranging from 5 MW to 25 MW with 
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intervals of 5 MW. This was in line with the typical heat demands reported in the literature. The 

combinations of exhaust gas temperature and overall heat requirement defined the generic cases 

to be assessed.  

Other parameters were kept constant in the first instance, in order to limit the number of cases to 

be tested. Assuming that an offshore installation requires heat at different temperature levels, the 

temperature levels and the shares between them should be defined. The choice of the related 

values was important to define the scope of the analysis. The values assumed should be 

reasonable within the field of selected application to generalize the obtained results. Based on the 

relevant literature, the largest heat consumer is the crude oil separation process involving heating 

of oil to temperatures between 50 and 90 °C [8], [21], [23]. Other units may need heat at low 

temperature (e.g. fuel gas heating), but their heat requirements are relatively small [23]. 

Furthermore, heat is also requested at relatively high temperatures, e.g. gas dehydration with the 

reboiler operating at around 200 °C [24] or oil stabilization with the reboiler operating at 180-

200 °C [23]. In addition, other plants pertinent to the field of application under investigation, 

such as liquefied natural gas plants [25] or natural gas processing plants [26], could include 

processes demanding heat at similar, if not higher, temperature levels. The share of the overall 

heat demand requested by these processes is normally a smaller fraction of the total. Given the 

overview presented, the following values were assigned to the parameters, in order to set a 

realistic analysis framework: 

 Low and high temperature levels at 150 and 250 ˚C, respectively. 

 Heat at low and high temperature levels at 90% and 10%, respectively, of the total heat 

requirement. 
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Furthermore, in order to simplify the simulations, the following choices and assumptions were 

adopted in this study: 

 The whole system operated under steady state conditions. 

 Ambient temperature and pressure at 10 ˚C and 1.013 bar, respectively, which are 

representative conditions for the North Sea [4], [27]. 

 The temperature of exhaust gas released to the atmosphere was limited downwards to 145 

˚C to prevent condensation of corrosive compounds [28] (e.g. nitric acid from NOx).  

 A mass flow rate of 85 kg/s for the exhaust gas, which is in line with the gas turbine 

models used offshore [20]. 

 The exhaust gas composition calculated assuming complete combustion [29]. 

 Pressure losses of 3% for the liquid side and 25 mbar for the gas side of heat exchangers, 

while pressure losses along pipelines were neglected.  

 A minimum temperature difference of 10 ˚C in all heat exchangers. 

 The maximum pressures in the ORC limited to 95% of working fluid critical pressure. 

Based on previous studies, supercritical ORCs was not a mature technology compared 

with subcritical ones. The high cost and low efficiency of multistage pumps required for 

transcritical ORCs was one of the main reasons why these cycles were not widely 

adopted [30].  

 The ORC condenser pressure constrained to be above the atmospheric pressure [31]. The 

reason for this was that employing devices to remove non-condensable gases (in vacuum 

cases) increases the complexity of the waste heat recovery system, which is not favorable 

in offshore applications. 

 Pumps and turbines had isentropic efficiencies of 75% and 85%, respectively. 
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 The ORC pump inlet flow is saturated liquid. 

 Heat losses from the system components and pipelines were insignificant. 

Dowtherm-A was used as heat transfer fluid, which has pressure drops of 1 bar during low and 

high temperature processes. Its thermophysical properties are outlined in Table 1, while Table 2 

lists those of the organic working fluids. The table presents properties of three siloxanes (D5, 

MM and MDM) and two refrigerants (R123 and R124), which were used in the simulations. It 

should be noted that the use of R123 and R124 will be banned by the Montreal protocol. 

However, these refrigerants are utilized as working fluids for ORCs in a wide variety of previous 

studies [32]–[35], and they are employed here for comparison with siloxanes, which are known 

as suitable working fluids for high temperature ORCs. A minimum temperature of 20 ˚C is 

considered for the refrigerants as working fluid. Furthermore, the exhaust gas specific heats were 

modeled according to McBride et al. [36]. 

Table 1 

Thermodynamic properties of Dowtherm-A as the selected heat transfer fluid [20], [37].  

Molecular weight 

(kg/kmol) 

Critical 

temperature (˚C) 

Critical 

pressure (bar) 

Freezing temperature 

at 1 atm (°C) 

Density at    

25 °C (kg/m
3
) 

Vapor pressure 

at 330 °C (bar) 

166 497 31.34 12 1056 3.96 

 

Table 2 

Thermodynamic properties of the organic working fluids used in the ORC [38]–[42]. 

Compound Molecular weight 

(kg/kmol) 

Critical 

temperature (˚C) 

Critical pressure 

(bar) 

Boiling temperature at 1 

atm (°C) 

Eccentric 

Factor 

D5 370.8 346 11.6 209.2 0.6363 
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MDM 236.5 290.9 14.15 152.6 0.5301 

MM 162.4 245.5 19.39 100.3 0.4192 

R123 152.9 183.7 36.7 27.8 0.2821 

R124 136.5 122.3 36.2 -12.2 0.2861 

 

3. Thermodynamic principles 

3.1.Energy analysis 

Considering each component of the proposed configurations as a control volume and ignoring 

the kinetic and potential energies variation, the energy conservation equation under steady state 

conditions can be written [43] as 

  iiee hmhmWQ                                                                                                      (1) 

where Q , W , m , and h  are rate of heat, mechanical power, mass flow rate and specific 

enthalpy, respectively. Subscripts e and i denote exiting and inlet flows, respectively.  

Table 3 outlines the applied energy balance equations for the subsystems of both configurations 

in this study. 

Table 3 

Energy conservation equations 

Component Equation 

Cascade system:  

EVA )()( 969211 hhmhhmQEva    

ORCT )( 766 hhmWORCT   , 

ORCTis

ORCT
ORCTis

W

W

,

, 


  
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HEX1 )()( 1112118771 hhmhhmQHE    

ORCP )( 898 hhmWORCP   , 

ORCP

ORCPis
ORCPis

W

W




,

,   

P1 )( 1011101 hhmWP   , 

1

1,
1,

P

Pis
Pis

W

W




  

LTP )( 141313 hhmQLTP    

Cooler )()( 202120161515 hhmhhmQCooler    

HE2 )()( 1819185332 hhmhhmQHE    

P2 )( 1718172 hhmWP   , 

2

2,
2,

P

Pis
Pis

W

W




  

HTP )( 171919 hhmQHTP    

Series system:  

HE1 )()( 6762111 hhmhhmQHE    

P1 )( 5651 hhmWP   , 

1

1,
1,

P

Pis
Pis

W

W




  

HTP )( 577 hhmQHTP    

HE2 )()( 91093222 hhmhhmQHE    

P2 )( 8982 hhmWP   , 

2

2,
2,

P

Pis
Pis

W

W




  

LTP )( 81010 hhmQLTP    

EVA )()( 111211433 hhmhhmQEva    

ORCT )( 131212 hhmWORCT   , 

ORCTis

ORCT
ORCTis

W

W

,

, 


  

ORCC )()( 151615141313 hhmhhmQORCC    
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ORCP )( 141114 hhmWORCP   , 

ORCP

ORCPis
ORCPis

W

W




,

,   

 

3.2.Exergy analysis 

Exergy can be defined as the maximum theoretical useful work achievable from the combination 

of a system and its environment, bringing the system into complete thermodynamic equilibrium 

with the environment when there is interaction only between the system and the environment 

[44]. For a comprehensive introduction to the exergy principle, it is referred to textbooks of 

Kotas [45], Moran et al.  [46] or Szargut et al. [44]. Given that each component is considered as 

a control volume in steady state, the exergy balance equation can be expressed [47] as  

D

out

j

in

i EEE    (2) 

Here, 
in

iE , 
out

jE and DE  are the inlet exergy streams, the useful outlet exergy streams and the 

exergy destruction associated with the components, respectively. A part of the exergy destruction 

is due to component internal irreversibilities, while some can be the exergy discharged to the 

environment (e.g., coolant) without any usage.  

The specific physical (a.k.a. thermomechanical) exergy of a stream is a function of the ambient 

conditions as well as the stream temperature and pressure and can be written as 

)( 000 ssThhe iii    (3) 

while the exergy rate of each stream can be accounted as 
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iii emE    
 (4) 

In the present work, changes of composition did not occur. Therefore, chemical exergy was not 

considered. 

In order to give a clear understanding of exergy destruction and exergy efficiency, defining the 

fuel and product for each component is convenient [29]. The desired exergetic output from a 

component is the product, while the consumed exergy to generate the product is the fuel. Exergy 

efficiency and destruction can be expressed as 

F

P

E

E



                                                                                                                                 (5) 

and 

PFD EEE    (6) 

In the latter expression, destruction also included the non-utilized discharges to the environment, 

i.e. the exergy destruction by mixing into the environment specifically associated with the 

process. 

Fuel and product definitions for the components of each system are listed in Table 4 [29]. 

Table 4 

Exergy analysis equations 

Components Fuel Product 

Cascade system:   

EVA 
21 EE    96 EE    
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ORCT 76 EE    ORCTW  

HEX1 87 EE    
1112 EE    

ORCP ORCPW  89 EE    

P1 
1PW  1011 EE    

HE2 53 EE    1819 EE    

P2 
2PW  1718 EE    

Series system:   

HE1 
21 EE    67 EE    

P1 
1PW  56 EE    

HE2 32 EE  
 910 EE  

 

P2 1PW
 89 EE  

 

EVA 43 EE  
 1112 EE  

 

ORCT 1312 EE    ORCTW  

ORCP ORCPW  2322 EE    

   

3.3.Exergy efficiency 

The exergetic or second law efficiency of the considered systems and subsystems can be defined 

as the fraction of supplied fuel exergy that can be found in the product. Accordingly, the exergy 

efficiency of the overall systems was the rate of exergy of the produced heat and the generated 

net power divided by the exergy of the exhaust gas entering the system. 

This can be expressed for the cascade system as 
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1

1117191413

E

WWWWEEEE PPORCPORCT



 
                                                           (7) 

and for the series system as 

1

1181057

E

WWWWEEEE PPORCPORCT



 
                                                           (8) 

4. Results and discussions 

4.1.Available energy and exergy 

Before reporting the simulation results, the thermal energy and thermomechanical exergy of the 

gas turbines exhaust gas were calculated to show the energy and exergy that can be harvested by 

the presented waste heat recovery systems. Here, the available energy and exergy refer to the 

difference between energy and exergy of the gas corresponding to the source and ambient 

temperatures. Table 5 lists these values for different gas temperatures. In addition, the extractable 

thermal energy and thermomechanical exergy are included, which indicate the difference 

between energy and exergy of gas corresponding to the source and allowed minimum stack 

temperatures. 

Table 5 

Energy and exergy of the exhaust gas 

Exhaust gas temperature (˚C) 375 450 525 600 

Available thermal energy (kW) 33622 40867 48235 55723 

Available thermomechanical exergy (kW) 12644 16895 21518 26466 

Extractable  thermal energy (kW) 21468 28714 36082 43569 

Extractable  thermomechanical exergy (kW) 8579 14153 18776 23724 
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4.2.Cascade system 

For different values of the heat demand (produced heat via system) and gas turbine exhaust 

temperatures (State 1), as well as different working fluids, the exergetic efficiency and net 

produced power were computed. 

 The effects of the heat demand variation on the exergy efficiency and net produced power of the 

cascade system are shown in Figs. 3-6 for different source temperatures. Here and in subsequent 

graphs, the simulated cases are represented by symbols. The lines are drawn between the 

symbols to assist reading and do not represent continuous series of simulations. Whenever the 

heat demand could not be met by the system, the maximum achievable heat is reported instead. 

As presented in Fig. 1, the first step in the waste heat recovery is the power generation by the 

ORC, while the heat rejection from the ORC is utilized for low temperature heating. Therefore, 

the condensation temperature of the working fluid in HEX1 was set to be higher than that 

required for the low temperature process. However, it should be noted that the saturation 

temperature corresponding to the atmospheric pressure (near the ORC minimum pressure) was 

higher than the specified heating temperature in the cases of D5 and MDM. The critical 

temperature for the refrigerant R124 was lower than the considered temperature for the low 

temperature heat demand. Therefore, it was not used as a working fluid in the cascade system.  

Referring to Figs. 3-6, the power produced by the ORC was constant while the heat demand 

changed. The hot gas leaving the evaporator was used to heat the heat transfer fluid to a specific 

temperature to produce the high temperature heat (10% of the total heat demand). As a result, 

State 2 in the cascade system had a fixed temperature for all values of heat demand, which 

explains the constant values of ORC output power. Among the working fluids tested, the highest 



19 
 

condensation pressure belongs to R123, namely 18.5 bar. As the slope of the vapor saturation 

line of R123 in a T-s diagram is negative (wet fluid), the state at the inlet of the turbine should be 

superheated to avoid condensation during the expansion. Fig. 7 presents the optimum value of 

superheating degrees corresponding to the maximum net produced power. Superheating the ORC 

turbine inlet flow increased the enthalpy of the stream and decreased the evaporated working 

fluid mass flow rate. A tradeoff between these two parameters emerged as the turbine output 

power was maximized for a certain value of superheating degree. The results associated with 

R123 are reported considering the optimal superheating degree. However, this working fluid had 

the largest evaporator temperature mismatching (see Fig. 8), which led to the lowest net power 

output. Next to R123, the lowest net output power pertained to D5, because this working fluid 

had the highest condensation temperature and the largest HEX1 temperature mismatching. It is 

worth mentioning that, unlike R123, superheating siloxanes in the ORC turbine inlet flow 

decreased the turbine output power. 

The produced power and total exergy efficiency associated with the MM and MDM were almost 

the same, namely (for MM/MDM) 858/855, 1431/1425, 2013/2006 and 2605/2595 kW at the 

source temperatures of 375, 450, 525 and 600 ˚C, respectively. For comparison of MM (or 

MDM) with D5 as working fluid for this configuration, it was noted that the net produced power 

and the maximum exergy efficiency for MM were 212, 353, 496 and 643 kW and 1.1, 1.4, 2.3 

and 2.4 percentage points higher than those of D5 for the respective source temperatures of 375, 

450, 525 and 600 ˚C. 

The temperature matching between cold and hot streams in the evaporator and HEX1, or the 

exergy destruction within these components, explained why the results obtained for MM and 

MDM were the same. Table 6 presents the values of exergy destruction for the source 
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temperature of 600 ˚C.  It was seen that among the fluids, MM had the second highest exergy 

destruction in the evaporator, while it had the lowest exergy destruction in HEX1. On the other 

hand, MDM destroyed more exergy in HEX1 compared with MM, while less in the evaporator. 

When the combined performance of the evaporator and HEX1 was considered, MM and MDM 

had approximately the same exergy destruction. It is worth mentioning that here, the available 

exergy for the evaporator was the same for all working fluids. In addition, a change in the heat 

load had no effect on the values reported in Table 6. Based on the exergy destruction, the table 

shows that the order of the best working fluids for the cascade system was MM, MDM, D5 and 

R123.   

Table 6 

Exergy destruction within the evaporator and HEX1 of different compounds and a source temperature of 600˚C (all 

heat loads) 

Working fluid MM MDM D5 R123 

Destroyed exergy within the evaporator (kW) 6563 5446 3624 7477 

Destroyed exergy within HEX1 (kW) 1344 2542 4910 1435 

Total destroyed exergy within evaporator and HEX1 (kW) 7907 7988 8534 8912 

 

As Figs. 3 and 4 show, for exhaust temperatures of 375 and 450 ˚C, the cascade system was not 

able to supply the maximum heat load. The exhaust gas temperatures of 375/450 ˚C gave the 

maximum produced heat rates associated with MM, MDM, D5 and R123 as 11093/18486, 

11096/18492, 11328/18877 and 11554/19254 kW, respectively. In particular, the system was not 

able to supply the heat load to the low temperature processes. 
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As shown in Figs. 5 and 6, the thermal energy of the exhaust gas with temperatures of 525 and 

600 ˚C were enough to produce the maximum heat demand of 25 MW of heat. Although the 

temperature profiles in HEX1 and HEX2 were constant, larger rates of heat could be supplied at 

higher values of the exhaust gas temperature.  A higher source temperature led to a higher mass 

flow rate of working fluid in the evaporator and, as a result, increased the available heat for the 

heat transfer fluid in HEX1. 

When the exhaust gas temperature increased from 375 to 525 ˚C, the exergy efficiency improved 

mainly due to an increment in the produced heat rate. However, with a further increase of the 

source temperature to 600 ˚C, the exergy efficiency was reduced for a fixed heat production rate, 

even though the generated power increased. This was because at a source temperature of 600 ˚C, 

the mass flow rate of heat transfer fluid was higher than the required value corresponding to the 

maximum heat load. Then, a part of the heat transfer fluid was cooled in the cooler without 

participating in heat delivery. For instance, for MM at the maximum heat load and exhaust gas 

temperatures of 525 and 600 ˚C, the fractions of heat transfer fluid mass flow rates that pass the 

cooler and waste exergy were 6.6 and 26.8%, respectively. 
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Fig. 3 Net produced power and the exergy efficiency of the cascade system versus the heat demand for a gas turbine 

exhaust temperature of 375 ˚C 

 

Fig. 4 Net produced power and the exergy efficiency of the cascade system versus the heat demand for a gas turbine 

exhaust temperature of 450 ˚C 
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Fig. 5 Net produced power and the exergy efficiency of the cascade system versus the heat demand for a gas turbine 

exhaust temperature of 525 ˚C (MDM overlaps MM) 

 

Fig. 6 Net produced power and the exergy efficiency of the cascade system versus the heat demand for a gas turbine 

exhaust temperature of 600 ˚C (MDM overlaps MM) 
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Fig. 7 ORC turbine inlet flow superheating degree versus net produced power for R123 as the working fluid  

 

Fig. 8 Temperature versus relative heat transfer in the evaporator for R123 as working fluid and a source 

temperature of 375 ˚C 

Fig. 9 shows the exergy destruction values within the cascade system components as well as 

effluent exergy (gas released to the environment) under different operating conditions when MM 

was used as working fluid. For the cooler, the reported values of the exergy destruction represent 

destroyed exergy within this component as well as the exergy loss, since the exergy rate related 
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to heated coolant in this component is not used anywhere. As Fig. 9 illustrates, changing the heat 

load with a constant heat source temperature had no effect on the exergy destruction within the 

evaporator, ORC pump, HEX1, P1 and ORC turbine. This was because the temperature profiles 

in the evaporator and HEX1 were fixed, which kept the exergy destruction constant within the 

mentioned components. At lower heat loads, the most exergy destructive component was the 

cooler, while at higher heat loads, more exergy destruction occurred in the evaporator. In 

addition, increasing the heat load reduced the effluent exergy (an exergy loss), since a larger 

fraction of the evaporator exiting hot gas entered HEX2. 

 

Fig. 9 Exergy destruction within the cascade system components with MM as the ORC working fluid 

 

4.3.Series system 

The exergy efficiency and net produced power of the series system under various heat loads and 

source temperatures are shown in Figs. 10-13. Different from the cascade system, the 
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temperature profiles in the heat exchangers were not constant in this system and changed with 

the variation of the source temperature and heat load. In the series system, heat is first transferred 

to the heat transfer fluids in HEX1 and HEX2, before the ORC utilizes the remaining thermal 

energy of the exhaust gas. At lower levels of heat source temperature, this could lead to cases 

where the conversion of the residual waste heat to power by the ORC is practically unfeasible, as 

seen from the interrupted lines in Figs. 10 and 11.  For instance, at a gas temperature of 375 ˚C 

and a heat load of 15 MW, the flue gas left HEX2 with a temperature (216 ˚C) lower than that 

needed to run the ORC with D5 as working fluid. Unlike D5, R124 was able to produce extra 

power in the ORC while the system supplied the requested heat demand, since it has a lower 

critical temperature. As seen in Table 5, the maximum achievable heat load was 21.5 MW. 

According to Figs. 10-13, although an increase in the heat production causes a considerable 

reduction in the net power output, it also increased the total exergy efficiency significantly. This 

was because the effect of the produced exergy associated with the heat load was higher than that 

of the generated power on the total exergy efficiency.  The exergy efficiency also improved as 

the heat production increased because increasing the heat production led to larger temperature 

drops on the exhaust gas side. In turn, this improved the temperature matching between cold and 

hot streams in the heat exchangers and the evaporator. 

Even though the worst temperature matching and the highest exergy destruction in the 

evaporator pertained to R124, the highest power generation and exergetic efficiency were found 

for this working fluid in all cases tested. To explain this, the exergy destruction within both 

evaporator and ORC condenser should be considered simultaneously. Table 7 presents the 

exergy destruction in these components for the source temperature of 600 ˚C and maximum heat 

production (25 MW). R124 gave a lower exergy destruction compared with MM and MDM. For 
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the case of D5, it should be noted that the evaporator exiting gas had a higher temperature (with 

respect to that of the other working fluids) because of the higher condensation temperature. The 

lower exergy made available within the evaporator (5849 kW) in the case of D5 explained why a 

lower exergy destruction for this working fluid did not correspond to a better exergetic 

performance and higher power production. It should be kept in mind that since the heated coolant 

in the ORC condenser had no further usage, the destroyed exergy term of this component 

included the exergy loss of the discharged coolant.  

Table 7 

Exergy destruction within the evaporator and the ORC condenser of different working fluids with a source 

temperature of 600˚C and maximum heat load, series system 

Working fluids MM MDM D5 R124 

Destroyed exergy within the evaporator (kW) 1515 583 323 4697 

Destroyed exergy within the ORC condenser (kW) 4571 5724 4765 601 

Total destroyed exergy within evaporator and ORC condenser (kW) 6086 6307 5088 5298 

 

One of the advantages of R124 was that it had a condensing pressure 3.8 times the atmospheric 

pressure, while the condensing pressures of the other working fluids were constrained to be 

above atmospheric. It was also evaluated that for R124, an optimum turbine inlet pressure can be 

found that maximizes the power output (see Fig. 14). The optimum turbine inlet pressure was 

approximately the same for all the heat source temperatures. Performance of siloxanes improved 

linearly when increasing the ORC higher pressure, which was limited to be less than 95% of the 

working fluid critical pressure. In addition, in some cases, limitations arose with respect to the 10 

K of pinch point temperature difference in the evaporator. 
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Fig. 10 Effect of the heat requirement on the net produced power and the exergy efficiency of the series system for a 

gas turbine exhaust temperature of 375 ˚C 

 

Fig. 11 Effect of the heat requirement on the net produced power and the exergy efficiency of the series system for a 

gas turbine exhaust temperature of 450 ˚C 
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Fig. 12 Effect of the heat requirement on the net produced power and the exergy efficiency of the series system for a 

gas turbine exhaust temperature of 525 ˚C 

 

Fig. 13 Effect of the heat requirement on the net produced power and the exergy efficiency of the series system for a 

gas turbine exhaust temperature of 600 ˚C 



30 
 

 

Fig. 14 ORC maximum pressure versus the net produced power for R124 as working fluid and a gas turbine exhaust 

temperature of 375 ˚C, series system 

Exergy destruction within different components of the series system, as well as the effluent 

exergy (State 4), are shown in Fig. 15 for refrigerant R124 in the series system. It is seen that the 

most exergy destructive components of the series system vary as a function of heat load. At 

lower heat loads, the gas stream entering the evaporator had a higher temperature, which resulted 

in a poorer temperature matching and more exergy destruction. In both HEX1 and HEX2, 

increasing heat load led to an increase in exergy destruction. In fact, an increase in heat load, 

although improved temperature profiles within these components, increased the heat transfer 

fluid mass flow rate and, as a result, the exergy destruction rates. Since the terminal temperature 

of the exhaust gas was kept constant, the exergy loss associated with the released gas had a 

constant value in all the conditions evaluated. 
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Fig. 15 Exergy destruction within the series system components with R124 as the ORC working fluid 

Results associated with both the cascade and series systems are presented, and comparing the 

two configurations revealed that siloxanes operated better in the cascade system, while 

refrigerant R124 gave the best results for the series system. In addition, at lower source 

temperatures, the series system supplied higher heat loads and can be of interest from this point 

of view. Furthermore, in the cascade system, the exergy destruction in the evaporator (the main 

exergy destructive component) was constant for each source temperature. In the series system, 

the destroyed exergy within this component decreased with increasing heat demand. 

4.4.Effects of using a recuperator in the series system 

As revealed in the previous section, the ORC condenser was the most exergy destructive 

component of the series system when siloxanes were used in the simulation. With regard to this, 

it was decided to evaluate the potential benefits of utilizing a recuperator (IHEX) that harvests 

thermal energy from the ORC turbine outlet flow before the condenser. Drawbacks of 
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introducing a recuperator are that it increases the complexity of the ORC and the weight and 

space occupation by the system. Therefore, it was not considered for the base case analyses. A 

flowsheet of the serial system equipped with recuperated ORC is shown in Fig. 16. The working 

fluid R124 was not included here because this fluid was wet at the ORC turbine outlet and hence, 

had no recuperation potential. The effect on the produced net power is illustrated in Fig. 17 for a 

source temperature of 600 ˚C. It can be seen that at low heat loads, using a recuperator had a 

remarkable impact on the system performance, while increasing the heat production decreased 

this influence. This was because higher values of heat load reduced the available thermal energy 

in the evaporator, which led to a lower flow rate of evaporated working fluid. In turn, this 

reduced the thermal energy available at the outlet of the ORC turbine and the recuperation 

potential.  

Based on Fig. 17, the recuperated ORC using MM produced more power than the simple ORC 

using R124. However, the produced power associated with the simple R124 cycle was still 

higher than that of the recuperated cycles using MDM and D5. It should be pointed out that 

MDM and D5 had relatively higher condensation temperature, resulting in higher temperature of 

working fluid entering the evaporator (State 11). Finally, the evaporator exiting gas temperature 

(State 4) increased and caused a reduction in the extractable energy in the evaporator, which 

decreased the power.  
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Fig. 16 Schematic diagram of the series waste heat recovery system equipped with recuperated ORC 

 

Fig. 17 Effect of using a recuperator (IHEX) on the net output power considering different heat loads and a source 

temperature of 600˚C 

4.5.Effects of reducing ORC minimum pressure (condenser pressure) in the series system 

The effects of changing the ORC minimum pressure from above atmospheric (105% of 

atmospheric pressure) to 5 kPa on the net produced power by the series system were studied in 

this section, considering both simple and recuperated ORC. For the case of R124, the condenser 

pressure was 3.8 times the atmospheric pressure, and it was not affected by this sensitivity 
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analysis. Referring to Fig. 18, decreasing the condenser pressure significantly improved the 

performance of the ORC when the siloxanes were used as working fluid. As shown in this figure, 

the effect of reducing condenser pressure was higher than that of employing a recuperator (the 

minimum condenser pressure at 105% of atmospheric pressure). This was because reducing the 

ORC minimum pressure not only reduced the exergy destruction in the condenser, but also 

increased the enthalpy difference between the ORC turbine inlet and outlet, which gave a higher 

power generation. Comparing Figs. 17 and 18 revealed that MM performed better than R124 in 

both the recuperated ORC (with superatmospheric condenser pressure) and the simple ORC with 

a minimum pressure of 5 kPa. Furthermore, recuperated ORC with a condenser pressure of 5 kPa 

operating with MDM produced more power than the simple ORC using R124, while the simple 

ORC operating with MDM and minimum pressure of 5 kPa led to a net power comparable with 

that of the simple ORC using R124. For heat loads lower than 17 MW, the produced power with 

recuperated ORC and a condenser pressure of 5 kPa operating with D5 was higher than that 

operating with R124, while vice versa for higher heat loads. In fact, higher heat production 

reduced the remaining thermal energy for power production, which had a stronger effect on the 

performance of D5. 
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Fig. 18 Effect of using recuperator and decreasing ORC condenser pressure on the net output power when the source 

temperature was set to 600˚C 

The breakdown of the exergy destruction within the series system with recuperated ORC with a 

condenser pressure of 5 kPa is shown in Fig. 19. The working fluid is MM since it gave the best 

performance. The trend of the exergy destruction in the different components was similar to that 

of the series system without recuperator (see Fig. 15).  

In order to show the effects of using a recuperator in the series system, as well as reducing the 

condenser pressure from above atmospheric to 5 kPa in the recuperated ORC, Fig. 20 is 

presented.  All results here are with MM as working fluid and for a source temperature of 600 

˚C. Using a recuperator reduced the exergy destruction in the evaporator and condenser, while 

increasing the effluent exergy loss and the exergy destruction in the turbine. IHEX performed as 

a preheater for the working fluid entering the evaporator, thus reducing the associated exergy 

destruction. In addition, using a recuperator increased the mass flow rate of ORC working fluid 

and the power output, but it also led to a higher exergy destruction in the ORC turbine. On the 
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other hand, preheating the working fluid entering the evaporator with a fixed pinch point 

temperature difference increased the temperature and exergy content of the effluent. 

Moving from recuperated ORC with superatmospheric condenser pressure to a recuperative 

ORC with a condenser pressure of 5 kPa significantly increased the exergy destruction in the 

evaporator and reduced the exergy destruction in the condenser. This was because using a 

subatmospheric pressure allowed reduction the condensation temperature. In turn, this reduced 

the temperature differences within the condenser and the exergy destruction in this component. 

In addition, reducing the condensation temperature also increased the temperature differences 

and exergy destruction in the evaporator. Fig. 20 shows that the balance between these 

contrasting effects was dominated by reduction of exergy destruction in the condenser and that 

allowing subatmospheric pressures led to lower exergy destruction.  

 

Fig. 19 Exergy destruction within the series system components (equipped with recuperated ORC) with MM as the 

ORC working fluid 
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Fig. 20 Exergy destruction versus employing IHEX in the ORC and reducing condenser pressure 

 

4.6.Error Evaluation 

Sufficient data for a full error analysis were not available. However, some consideration could 

still be made. In the simulations, the exhaust gas temperatures and mass flow rate were specified 

as absolute values. Thus, we regarded these as certain figures. The enthalpy difference for the 

exhaust gas was modeled with specific heats from the NASA polynomials [36], which for the 

major species (CO2, H2O, N2, O2) referred to Gurvič et al. [48], [49]. These sources did not 

provide uncertainties. However, an earlier survey of data compiled by Touloukian and Makita 

[50] showed that the deviations were within a range of 0.2-0.3%. Hence, this indicated the 

magnitude of the relative uncertainties of the heat transferred from exhaust gas to the heating and 

working fluids. 
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The propagation of uncertainty from the transferred rate of heat to the produced power can be 

estimated by the derivative of the latter to the former. Divided by their ratio, the relative error of 

the power due to heat was (depending on the case) 1-2 times the relative error of the rate of heat. 

Compared with more conventional working fluids (e.g. water, CO2, ammonia), the 

thermodynamic models of the siloxanes [41], [42] were based on a considerably sparser 

experimental data. For instance, an uncertainty of isobaric specific heats (and differences of 

enthalpy and entropy) of D5 was estimated [42] to 25%. This was because the D5 model was 

based on data for MM as no D5 data were available. For the isothermal differences, including 

two-phase, an uncertainty of 3% was indicated. The ORC turbine expansion, the enthalpy 

difference (i.e. the power) can be decomposed into a (negative) isothermal and an isobaric parts. 

For the D5 cases at exhaust temperature 525 °C, the total expansion enthalpy was 0.35 to 0.55 of 

the corresponding isobaric component. These figures indicated on the influence of the 

uncertainty of isobaric specific heats on the power production for D5 cycles, and they will 

dominate this uncertainty.  That is, since the heat transfer is more accurately evaluated, the 

uncertainties will influence the temperatures more than the power production. 

In the comparison of D5 with the other fluids (e.g. Fig. 17), it was seen that the differences were 

of magnitude 50% or more. Accordingly, although uncertainties were considerable, they did not 

affect the conclusions regarding appropriateness of the different working fluids. 

5. Conclusions 

The main findings obtained from the present study were as follows: 

 At a fixed source (gas turbine exhaust) temperature, changing heat demand in the cascade 

system has no effect on the produced power, because heat absorption (evaporator) and 
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rejection in this system occur at fixed temperature profiles. In the series system, 

increasing heat load decreases the available thermal energy in the evaporator and 

significantly reduces the produced power. 

 Increasing the heat production leads to an increase in the exergy efficiency of both 

systems since the produced exergy associated with heat load is higher than that of power 

production. 

 The viability of the cascade system is limited from the viewpoint of heat production for 

low values of heat source temperature. 

 For a fixed value of heat production, increasing the heat source temperature maximizes 

the exergy efficiency of the cascade system. This is because a source temperature of 525 

˚C is sufficient to produce the maximum heat load. A source temperature of 600 ˚C (as 

the considered maximum temperature) increases the exergy destruction within this 

system. 

 MM is the best option for the cascade configuration. For the simple series system 

(without an internal recuperator), R124 operates as the best working fluid. 

 The performance of the series system using siloxanes as working fluid (MM, MDM, and 

D5) increases significantly when using a recuperator, which is due to reducing destroyed 

exergy within the condenser. MM becomes the best working fluid (instead of R124) for 

the series system when a recuperator is considered. 

 The performance of simple and recuperated ORC using siloxanes significantly increases 

when subatmospheric condensing pressures are allowed. Adopting subatmospheric 

pressures increases the exergy destruction in the evaporator and turbine, but it also 
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reduces the exergy destruction in the condenser. This balance is dominated by the 

reduction of exergy destruction in the condenser. 
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Nomenclature 

Abbreviations  

EVA evaporator 

HEX heat exchanger 

IHEX internal heat exchanger 

HTP high temperature process 

LTP low temperature process 

ORCC ORC condenser 

ORCP ORC pump 

ORCT ORC turbine 

Latin letters  

e  specific physical exergy (J/kg) 

E  exergy flow rate (W) 

h specific enthalpy (J/kg) 

Q  heat transfer rate (W) 

R  gas constant (J/kg K) 

s entropy (J/kg K) 
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T temperature (K) 

W  power (W) 

Greek letters 

  energy efficiency (-) 

is  
isentropic efficiency (-) 

  exergy efficiency (-) 

Subscripts 

D destruction 

in inlet conditions 

is isentropic 

out outlet conditions 

ph physical 

0 ambient conditions 
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