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Abstract

:

The decision-making process behind the selection of a gas turbine engine (GT) is crucial and must be made in accordance with economic, environmental, and technical requirements. This paper presents the relevant economic, exergoeconomic and exergoenvironmental analyses for four GT engines with different compressor configurations. The GT engine configurations are identified according to the type of compressor: axial, axial-centrifugal, two-stage centrifugal, and centrifugal-centrifugal. The performances of the four GT engines were validated against manufacturer supplied data using specialized software. The economic analysis, a detailed life cycle costing considering the cost to be paid per unit net power obtained from the GT, and subsequent shortest payback period showed that the GT with centrifugal-centrifugal compressor was most economically feasible. This was followed, in order, by the GT-axial, GT-axial-centrifugal, and finally the GT-two-stage centrifugal configuration, where the cost of ownership for a 20 year plan ranges between 8000 USD/kW to about 12,000 USD/kW at different operational scenarios during the life cycle costing. Exergoeconomic assessment provided useful information to enhance the cost-effectiveness of all four systems by evaluating each component separately. The axial-centrifugal configuration registered the lowest CO2 emissions (about 0.7 kg/kWh); all environmental indicators confirmed it is the most environmentally friendly option.
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1. Introduction


Electricity generation and utilization of fuel resources have long been topics of significant interest to researchers in scientific institutions, energy corporations, and governments. The rapidly increasing demand for electricity generation is related to an optimistic view of economic growth [1], but can also adversely impact the environment and human health [2]. Most large-scale power plants worldwide are fossil-fuel power plants [3], with the cost of generating electricity fluctuating wildly due to resource shortages [4]. Thus, with the continuing demand for further increases in the standard of living, energy analyses of fossil fuel power plants are becoming more urgent and electrical power generation has been the topic of many studies which emphasize enhancing power generation efficiency.



Fossil-fuel power plants can be classified into gas cycle, steam cycles, and combined gas-steam cycles. The market for electrical power generation tends to prefer gas-steam cycles in a combined heat and power (CHP) configuration since these can reach around 60% efficiency [5]. However, the performance of the gas-steam cycle relies very much on the gas turbine, comprising a compressor, combustion chamber and the turbine, the performance of which can be affected by factors which include fuel type, fuel temperature and mass flow rate, ambient inlet air temperature and humidity, site elevation, inlet and exhaust losses, air extraction, performance degradation, and steam and water injection for power augmentation [6]. Understanding the impact of these parameters on gas cycle performance and power generation is critical. Theoretically, the evaluation of energy systems, including gas-cycles, can typically be performed by evaluating energetic performance based on the first law of thermodynamics [7]. Another evaluation method is to investigate exergetic performance and evaluate according to the second law of thermodynamics [8,9,10]. Using energetic and exergetic analysis together provides a significant understanding of the system being evaluated.



Several studies have confirmed that ambient temperature significantly affects the cycle’s performance [11,12,13]. The impact of varying ambient temperature has been shown to cause drastic fluctuations in electric-power output and efficiency, especially at high ambient temperatures [14]. Most of the research in this area has indicated that exergy destruction is lowest in the compressor, followed by the turbine, and is at maximum in the combustion chamber [15,16,17,18,19].



The wider use of exergy analysis as a tool for assessing various thermal energy applications is a topic of interest for many researchers [20,21,22]. However, the assessment of thermal energy systems should consider the economic factors that are necessary to improve system efficiency and reduce operational costs. In this regard, there are two common ways to perform an economic assessment of thermal energy systems. The first way is by applying Life Cycle Costing (LCC), and the second way is to apply an exergoeconomic assessment. LCC is a method to assess all costs associated with the life cycle and has been widely used for economic evaluation of thermal energy systems [23,24,25,26]. It is considered to be a tool that can help decision makers estimate the total costs of ownership over the lifetime of the thermal energy system being evaluated. Taner and Sivrioglu [27] indicated that calculating the LCC of fossil fuel power plant alternatives requires calculating the costs in present value including investment cost (capital cost), non-fuel operating and maintenance (O&M) costs, fuel costs, and salvage value.



However, for a better understanding of the alternatives, an exergoeconomic assessment provides a more detailed evaluation of the economic performance of each state in thermal energy systems [28]. This approach is applied to identify costs that result from exergy destruction in each component in the thermal energy system. It does this by combining the second law of thermodynamics with economic principles. Several studies available in the literature have considered utilizing exergy analysis to perform an exergo-economic assessment of a GT cycle. Seyyedi, et al. [29] performed detailed thermodynamic, economic, and environmental analyses to optimize a GT cycle. Their study included determining the effect of air preheaters on the thermodynamic cycle and consequential environmental impact.



Boyaqchi and Molaei [30] conducted exergy, exergo-economic, and exergo-environmental assessment of a gas turbine cycle. Their work was based on the multi-objective particle swarm optimization (MOPSO) algorithm, and the objective functions were the total cost rate, exergy efficiency, and CO2 emissions. Igbong and Fakorede [31] conducted an exergo-economic analysis of a GT plant, studying the effects of turbine inlet temperature and compressor pressure ratio. Arora [32] conducted exergoeconomic research on GT power plant components: the combustion chamber, compressor, and exhaust. Mousafarash and Ameri [33] conducted exergy and exergo-economic analyses of a GT power plant considering its performance at different ambient temperatures and partial loads. Avval et al. [34] conducted an exergy-exergo-economic and exergo-environmental multi-objective optimization analysis of a GT power plant. They studied the influence of different design parameters on turbine exergy efficiency, total cost rate of the system, and CO2 emission, investigating how high ambient temperatures led to a low density of air intake to the compressor, enhancing the performance of the gas cycle while minimizing the losses through highly efficient components (i.e., gas turbine, air compressor, combustion chamber) [35].



A study conducted by Almutairi, et al. [36] raised the question of whether the type and configuration of the air compressor can impact on the overall engine performance by interacting with the operating conditions. They investigated several gas turbines with different compressor configurations using the first and second laws of thermodynamics and a detailed exergy analysis. The analysis considered the performance of each configuration as a function of compressor isentropic efficiency, compressor pressure ratio, ambient temperature, and load variation. They found that compressor configuration did affect the performance of the gas turbines relative to the manufacturer’s data, as predicted by the exergetic and energetic analysis. No studies were found in the literature which used economic and exerge-oconomic investigations to test the feasibility of using gas turbines with different compressor configurations. Because of the importance of gas-turbine engines in power applications especially for electricity generation, the present work attempts to fill the research gap by investigating different GT engines with different compressor configurations according to economic, exergo-economic, and exergeo-environment assesments.



For the economic assessment, the study presents a LCC for each GT engine studied, considering the total costs incurred throughout the lifecycle period. For the exerge-oecnomic assessment, the study combines the exergy analysis with economic influences and includes all related costs resulting from inefficiencies in the thermodynamic processes in the major components in the given GT engines. For the exergeo-environment assessment, the study presents three environmental indicators by which to assess the most environmentally and ecologically favorable gas-turbine engine. The study in this regard summarizes its aims as:




	
Producing a LCC assessment for a lifespan of 20 years for the given GT engines with respect to ISO conditions and variation in ambient temperature and loading conditions.



	
Calculating the payback period of each GT engine studied where the delivered power is assumed to be electricity sold at tariff prices.



	
Estimation of exergy costing for all equipment in the given GT engines.



	
Estimation of CO2 emissions at ISO conditions that result from each GT engine considering three environmental indicators, environmental destruction coefficient, environmental destruction index, and environmental benign index.









2. Methodology


2.1. Description of the Studied GT Engines and Compressor Configurations


This work aims to explore the economic and environmental feasibility of four gas engines with different compressor configurations as described previously by Almutairi et al. [36]. Each configuration of the gas engine varied according to the number of shafts or type of compressor. More details about the investigated GT engines are illustrated in Table 1.



It is essential to emphasize three crucial features, the combinations of which influence the ballpark performance of any industrial GT engine: sensitivity of turbomachinery components, the shaft orientation (single or two spools), and the type of compressor (axial or centrifugal). Unlike the turbine operation, which expands the working fluids in the direction of flow, the compressor works to decrease the air volume in the direction of the flow. Thus, discrete low pressure ratio compression stages, particularly for axial compressors, are helpful in minimizing the tendency to an adverse pressure gradient due to the boundary layer problem. Hence, in modern industrial GT engines, many compression stages (up to thirty) can be seen, driving up to five turbine stages. To achieve fewer compression stages and reduce the GT axial length, GT design engineers aim for a higher stage pressure by increasing the shaft rotational speed. The pressure ratio per stage is as shown in Equation (1), and the blade span ratio is shown in Equation (2).


     P N     P 1    =    (  1 +  η   T 1         ω 2   r 2     c p     )     γ  γ − 1      



(1)






     s 2     s 1    =    (  1 +  η   T 1         ω 2   r 2     c p     )    2  (  γ − 1  )     



(2)







The expressions  ω ,  r , and  s  refer to the rotational speed, tip radius, and span length, respectively. However, root stress limits the front stage blade tip speed, which leads to multiple spool engines that enable the first few front stages to operate at lower rotational speeds than the subsequent stages on a higher speed spool. For these reasons, the compressor performance is significantly affected by any variation in engine rotational speed, unlike the turbine stages that choke in regions close to the engine design points. Hence, the compressor Mach number, a feature of the turbomachinery, significantly affects the overall engine performance.




2.2. GT Engine Modelling


2.2.1. Modelling Preparations


A GT is a complex system in which many components work together to produce shaft power. Accurate GT engine performance modelling involves estimating measurable and non-measurable parameters using numerical approximate component characteristics and aerothermal relationships (also known as physical laws), as shown in Figure 1.



To accurately model the selected gas turbine configurations, this work used an analytical approach based on fundamental aerothermodynamic relationships. The process includes design point (DP) and off-design point (OD) calculations, using specialized software. Important assumptions made during the modelling processes are:




	(1)

	
Typical component maps embedded within the software for the different configurations can be adapted and linearly scaled to satisfy the various engine DP performances.




	(2)

	
The turbine components at the DP operate in the choke region.




	(3)

	
All processes in the gas cycle are in a steady state.




	(4)

	
Natural gas is the fuel, and heat loss from the combustion chamber is equal to 2% of the fuel’s low heating value.









Electric power output and thermal efficiency are the two key performance parameters of the GTs that engine manufacturers specify, typically at ISO conditions (i.e., an ambient temperature of 15 °C, pressure of 1.01 bar, and 60% relative humidity). At the DPs, the thermal efficiency is a function of the thermodynamic cycle parameters (pressure ratio and turbine inlet temperature), component efficiency, and secondary air flows (i.e., cooling and seal flows). The power output, on the other hand, depends on the thermal efficiency and the air mass flow, which define the size of the engine. The greater the inlet mass flow, the larger the engine core diameter and vice versa.




2.2.2. Validation with Manufacturer’s Data


DP modelling, via an iterative function, involved single-point components matching the GT’s key performance parameters with those supplied by the GT manufacturer. The modelling process starts with the assumption of default software parameters and then obtains convergence of specified target parameters after applying the iteration function to certain of the variables. This study presents the procedure that was followed by Almutairi et al. [36] to investigate the given GT engines, and presents the Saturn 20 GT engine as an example on how the validation was performed. Table 2 shows the iteration targets for the Saturn 20 GT engine, which is presented as an example of the validation procedure.



The iteration variables in Table 3 provide a reasonable range of the variables with the maximum values based on the GT state-of-the-art technology. Because thermal efficiency primarily depends on the engine pressure ratio, the iteration targets for the turbine pressure ratio are adjusted until the thermal efficiency and heat rate correspond to the original manufacturer published values at ISO conditions. As a result, the HP compressor pressure ratio, combustor outlet temperature, and inlet corrected mass flow rate are 3.42, 1238.75 K, and 6.99 kg/s, respectively.



Table 4 compares the design point performance specified on the original manufacturer’s website and obtained from the simulation and illustrates the close agreement.



For an off-design point, gas turbine performance predictions require considerable accuracy on the part of the users within the limits of uncertainty in the values of the components. For instance, similar gas-turbine engines can give distinctly different performance behaviors; this is often attributed to component manufacturing and assembly tolerances. GT manufacturers produce operational maps based on extensive testing during the engine’s development, using intrinsic details of the engine component geometry combined with the information derived; these maps remain the engine manufacturer’s exclusive intellectual property. Therefore, developing specific GT models is a complex task; it depends on the accuracy with which the component’s unique behavior is modelled, but which are difficult to obtain due to the commercial sensitivity concerning information about the engine.



Researchers have concentrated on approximating the operational maps using analytical techniques and a few field measurements. The most common method is the so-called scaling of generic maps, in which all the data points on the map are scaled with respect to the design point. Four parameters define the performance map: pressure ratio, isentropic efficiency, corrected mass flow, and corrected speed. Generally, two parameters are defined and the other two are estimated. Other arbitrary parameters that are presented on the map include the  β -lines and the ratio of turbine inlet temperature to ambient temperature [37].



Considering that GT performance is highly affected by ambient temperature variations, a parametric study of the design point was performed in this work to simulate the influence of change in ambient temperature and part-load conditions on the critical performance parameters. The parametric study involves ambient temperature variation from 288 K to 328 K. The load was decreased from 100% to 60% to study the impact of part-load on the performance. An increase in the temperature causes a decrease in the air density, resulting in a lower mass flow rate into the engine, so that the power output drops since it is a function of the total mass flow through the engine.





2.3. Economic Analysis


2.3.1. Lifecycle Costing


The economic evaluation of the GT with different compressor configurations considers the non-exergy related costs; these costs include all components of the evaluated systems. The associated costs cover capital investment, O&M, and fuel. In power plant applications, the selection of any GT configuration depends on its life cycle cost, which consists of the capital cost, fuel cost, fixed and variable O&M costs, and the salvage value (SV), as shown in Equation (3) [38]:


  L C C =   β · C I C   P o w e r · H   +  f   η  t h     +  {    O  M f    P o w e r · H   + μ · O  M  v , b    }  − S V  



(3)




where  β  is capital charge factor,   C I C   is capital initial cost (in USD),  H  is annual operating hours,   P o w e r   is net rated output (kW),  f  is specific fuel cost in USD per kWh (in LHV),    η  t h     is net rated LHV thermal efficiency,   O  M f    is fixed O&M cost (USD/kW-yr),   O  M  v , b     is variable O&M cost (USD/kW-hr),  μ  is maintenance cost escalation factor (1.0 for baseload), and SV is salvage value at the end of the lifecycle.



Improving engine reliability and availability have been focal points for owners and operators of industrial GTs, to reduce both the magnitude and variability of O&M costs. Usually, the non-capital elements of GTs, such as the control system, are less reliable and, therefore, their spares are readily available. On the other hand, the aerodynamic components are invariably highly reliable and expensive to keep in stock. Thus, with outages due to capital parts failures, the downtime caused by the unavailability of spares could be significant. Consequently, the maintenance plan generally recommended by engine manufacturers is a preventive (or time-based) approach that depends on fuel type, the number of start-ups, and loading conditions. O&M costs are a function of the engine design, speed of fault isolation, and maintenance implementation.



Due to their extensive application in commercial aero engines and industrial gas turbine engines, axial compressors have undergone considerable research and development to attain high thermal efficiency. This has led to highly efficient axial compressors that operate close to their surge margins, making them susceptible to fouling and requiring advanced inlet air filtration and frequent washing. On the other hand, centrifugal compressors are less efficient, more reliable, and require less maintenance when compared with their axial counterparts; this means that gas turbines with axial compressors will have higher maintenance but lower operational costs. The reverse is the case for gas turbines with centrifugal compressors. Moreover, since the capital cost of a GT depends on its size (specific power), a GT with an axial compressor will be more expensive than an equivalent GT with a centrifugal compressor.



The economic analysis through the lifecycle involves recurring costs (fuel and O&M) that must be estimated in a way that includes consideration of the expected future increases in price. Accordingly, this work considered the “present-value method” (PVM) to estimate the lifecycle cost. The PVM depends on the time equivalent value of past, present, or future cash flows relative to the beginning of the base year [39]. PVM includes a series of uniform payments made during a period of years, as shown in Equation (4). It includes a series of uniform cash amounts (A) that are paid during a period of (n) years considering the discount rate (d), as shown in Equation (4). Table 5 shows financial inputs pertinent to the analysis.


  P V =  A     ∑   t = 1  n   1    ( 1 + d )  t    = A     ( 1 + d )  n  − 1   d   ( 1 + d )  n         



(4)








2.3.2. Discounted Pay-Back Period


Economic evaluation strongly affects the selection of the GT engine type and compressor configuration. Accordingly, this study presents a detailed economical evaluation of a 20 year plan for the given GTs, considering the installation price and the annual payments for O&M and fuel, and money inflows from selling the electricity produced at tariff prices. The economic evaluation assumes an optimistic scenario for the given GT engines to determine which engine has the shorter payback period. It is necessary to be precise when estimating the initial and future values of associated cash flows for the various operational scenarios during the intended period of operation. The annual cash flows (ACF) are described as in Equation (5); this is the net cash inflow resulting from selling electricity at tariff cost (ET = 0.1 USD/kWhr) multiplied by the net produced power, balanced against fuel cost (FC) and operation and maintenance costs (O&M).


  A C F =     E T ∗ P o w e r − O & M + F C  



(5)







The annual cash flows here are considered as annual returns, and they must be calculated at present value subjected to future discount rate and occurrence period, as shown in Equation (6),


  P V =     A C  F 1      ( 1 + d )  1    +   A C  F 2      ( 1 + d )  2    +   A C  F 3      ( 1 + d )  3    + ..... +   A C  F n      ( 1 + d )  n     



(6)







The capital initial cost (CIC) and annual cash flows during the study plan are represented in terms of net present value, as shown in Equation (7):


  N P V = − C I C +   ∑  1 n    A C  F n      ( 1 + d )  n     



(7)







The discounted payback period can be obtained according to Equation (8):


  − C I C +   ∑  1 n    A C  F n      ( 1 + d )  n    = 0  



(8)




where (n) represents the number of years needed to obtain the amount of cash from sales of electricity obtained throughout the lifetime of the engine.





2.4. Exergoeconomic Analysis


Exergoeconomics is a method by which the exergy destroyed within the cycle components, fluid streams, and the product may be determined. The purpose of such an approach is to enable the exergy costs to be minimized and the cost effectiveness of the system improved. Exergoeconomic analysis combines economic principles with the second law of thermodynamics.



2.4.1. Exergy Costing


Exergy costs requires consideration of the costs of all the streams exiting from or entering a system that operates at a steady state; it includes both heat transfer to and from the surroundings and work performed in terms of exergy rates. Exergy destruction is determined by the irreversibilities in the system and is determined by summing the differences between exergy transfer out of and into the given system.



The costs associated with the streams entering, exiting, and work and heat are, respectively:


    C ˙  i  =  c i    E ˙  i      ( entering   work )  



(9)






    C ˙  e  =  c e    E ˙  e      ( entering   heat )  



(10)






    C ˙  w  =  c w    E ˙  w      ( exiting   work )  



(11)






    C ˙  q  =  c q    E ˙  q      ( exiting   heat )  



(12)







Here    c i   ,     c e   ,     c w   , and    c q    are average costs per exergy unit in USD/GJ.



Typically, exergy costs are presented separately for each system component. From the above equations, it follows that for the kth element in each exergy stream entering a given system, the sum of the costs of capital-investment (    Z ˙  k  C I    ) and operation and maintenance (    Z ˙  k  O M    ), plus the cost rates associated with the stream (    C ˙  i   ), are equal to the sum of the cost rates of the exiting exergy streams (    C ˙  e   ). For the kth element, the general equation relating heat input and power output will be:


    C ˙   q , k   +   Z ˙  k T  +   ∑  i    C ˙   i , k   =   C ˙   w , k   +   ∑  e    C ˙   e , k    



(13)







Substituting (9–12) into (13), we have:


   c  q , k     E ˙   q , k   +   ∑  i   c  i , k     E ˙   i , k   +   Z ˙  k T  =  c  w , k     E ˙   w , k   +   ∑  e   c  e , k     E ˙   e , k      



(14)







Applying Equation (14) to every element of the system has the unfortunate result that the number of unknown quantities is greater than the number of equations. This means a number of supplementary equations are needed to obtain a solution. The result is a linear system of equations which may be written in the form of matrices:


   [    E ˙  k   ]  X  [   c k   ]  =  [    Z ˙  k   ]   



(15)




where    [    E ˙  k   ]    is an exergy-rate matrix obtained from exergy analysis,    [    Z ˙  k   ]    is a vector matrix representing total cost, obtained from economic analysis, and    [   c k   ]    is a vector matrix representing exergetic cost.




2.4.2. Levelization


Typically, over the life of a plant, fuel, maintenance, and operational costs increase non-uniformly. However, a geometric progression is often assumed whereby the expenditure in a given year is equal to the expenditure of the previous year multiplied by a nominal depreciation rate (1 + ieff).



Present worth (PW) represents the approximated value of the gas turbine engine at a given future year. Salvage value (  S V  ) is an estimate of the value to be obtained when the plant is sold at the end of its working life [40,41].


  P W = C I C − S V   . P W F  



(16)






  S V = j . C I C  



(17)




where CIC is the initial capital cost, j is the salvage rate (%), and PWF is the present worth factor which is:


  P W F  (  i , n  )  =  1     (  1 + d  )   n     



(18)




where   d   is the discount rate and n the relevant number of years.



The annual capital cost (ACIC) is given by:


  A C I C = C R F . P W F  (  i , n  )   



(19)







To recover the initial capital investment via a series of constant payments over a given time, a capital recovery factor (  CRF  ), which includes an agreed discount rate, is used.


  C R F =   d ( 1 +  d n  )      (  1 + d  )   n  + 1    



(20)







The hourly levelized cost of plant and kth component are given by:


    Z ˙  H  =   A C I C  H   



(21)






    Z ˙  k  =   Z ˙  H    E P  C k     ∑  E P  C k     



(22)




where  H  is the annual number of hours of operation, which was considered as 8000 h/year.




2.4.3. The Exergoeconomic Parameters


Important exergoeconomic variables used to evaluate and optimize thermal systems are relative cost difference,     r k   , and exergoeconomic factor,    f k   .    r k    characterizes the relative increase in average cost per exergy unit between fuel and product, and minimising    r k    is the goal of the optimisation process. For the kth component,    r k    can be expressed as an objective function [42]:


    r k  =    c  p , k   −  c  f , k      c  f , k       =   1 −  η  e x , k        η  e x , k       +             Z  ˙   k  C I   +   Z ˙  k  O M        c  f , k     E ˙   p , K       



(23)




where subscript f represents the fuel and and p represents the product.



The two sources that determine the costs of the kth element are exergetic (exergy destruction and loss) and non-exergetic (including capital investment and/or maintenance and operational costs). To minimize    r k   , it is useful to know the relative importance of these two sources. The exergoeconomic factor can determine the relative value of the two sources. The exergoeconomic factor,    f k   , can be written as:


   f k  =     Z ˙  k      Z ˙  k  +  c  f , k    [    E ˙   d , k +     E ˙   L , k    ]     



(24)









2.5. Environmental Indicators


Today, it is recognized that global climatic change due to environmental factors such as ozone depletion is a critical issue for humanity. The relationship between energy utilization and the environment began to raise concerns in the 1980s [43]. However, while environmental issues are complex, and it can be difficult to identify or quantify sources, causes, and effects, the science has developed sufficiently for the EU to issue legislation for the reduction of carbon dioxide emissions.



Furthermore, support is being provided by the EU for the promotion of low-carbon technologies with the aim of reducing CO2 emissions, since CO2 is the major greenhouse gas. It is also noted that, for a given thermal load, CO2 is proportional to the efficiency of the system; this means inefficient systems significantly adversely affect the environment.



In this study, three environmental indicators previously introduced by [44]–the environmental destruction coefficient (Ced), the environmental destruction index (Θedi) and the environmental benign index (Θebi)–have been applied and assessed. Table 6 shows mathematical expressions for exergy destruction and exergetic efficiency.



2.5.1. Environmental Destruction Coefficient (Ced)


   C  e d     is inversely related to engine exergetic efficiency as:


   C  e d   =  1   η  e x      



(25)







The reference value of the coefficient unity; this is the case where the engine (such as a gas turbine) has no effect on the environment. The    C  e d     has only one value at any operating condition and it is desireable that its value is as close to unity as possible.




2.5.2. Environmental Destruction Index (Θedi)


The Θedi is an indication of the effect an engine (e.g., gas turbine) has on the environment via exergy wastage (e.g., loss and destruction). The desired value is zero, and this is taken as the reference. The target is always to be as close to the reference value as possible. The equation representing the index is:


   Θ  e d i   =  [     E l  +  E d     E f     ]   C  e d    



(26)








2.5.3. Environmental Benign Index (Θebi)


The Θebi is a measure of how environmentally benign the given energy system is. Θebi is directly and inversely proportional to the Θedi:


   Θ  e b i   =  1   Θ  e d i      



(27)







Θebi ranges between zero and +∞. The higher the index the more environmentally beneficial the engine. Higher values of Θebi result from minimizing exergy losses and destruction.






3. Results and Discussion


For the GT engine configurations considered, the economic, exergo-economic, and exergeo-environment analyses have been performed and the results are presented in detail in this section. Four different models of GT engine configurations have been considered based on both energetic and exergetic analyses. The compressor configurations of the GT engines were the primary consideration of this work.



The analysis was of the four GT engine configurations under different operational scenarios. The first scenario was to run the given engines under ISO conditions and carry out energetic and exergetic analyses at production loads of 60%, 70%, 80%, 90%, and 100%. For the second scenario, the four engines were run under different ambient temperatures at 100% production load.



3.1. Economic Analysis


The analysis estimated the economic feasibility of each gas engine by calculating the LCCs over 20 years, but did not consider revenues that might be acquired through the sale of electricity. It was assumed that expected costs must be paid over the period of the study plan (20 years). Thus, the work focused on the investment required at the beginning, to be paid for construction and installation, the annual cash needed to operate and maintain the gas engine, the annual cash needed for fuel supply, and finally the cash return from selling the engine after 20 years. Figure 2 shows (a) lifecycle costs at varying operating loads, and (b) lifecycle costs at varying ambient temperatures.



The four configurations studied were of different sizes, so the lifecycle costs were presented in terms of the cash required to be paid during the life cycle relative to the net power of the GT engine. From Figure 2a, as would be expected, the cost of the net power supplied by the GT engines decline with the increase in production load. In this regard, the centrifugal-centrifugal configuration was the most economically feasible, ranging from 10,000 USD/kW at 60% production load to about 8500 USD/kW at full load. At all operational loads, the order of the other engine configurations was consistent; axial centrifugal, axial, and two-stage centrifugal. However, the axial-centrifugal and the two-stage centrifugal both have the same economic performance at full load, as shown in Figure 2a.



The cost of the net output power of the engine increased with increase in ambient temperature can be seen in Figure 2b. The figure shows that the two-stage centrifugal configuration and the axial-centrifugal configuration have the same LCC at 288 K; this is compatible with the findings presented in Figure 2a. However, the LCC for the two-stage centrifugal increases more rapidly then for the axial-centrifugal as the environmental temperature increases. The centrifugal-centrifugal configuration over the environmental temperature range, considered consistently, has the lowest LCC value. The axial configuration has the lowest rate of increase of LCC, with environmental temperature intersecting with the centrifugal-centrifugal configuration at 328 K.



Figure 3 shows the payback periods of each configuration if the output net power is assumed to be electricity sold at tariff price. The feasibility of the four configuration increased with increase in operation load and decrease in ambient temperature, as shown in Figure 3a,b. The gas engine with centrifugal-centrifugal configuration consistently gave the shortest payback period. All configurations perform exactly as expected with respect to the LCC. Figure 3a shows that running the two-stage centrifugal engine is not feasible at 60% load if it is intended to produce electricity over a working life time of 20 years.



From Figure 3b, all configurations have shorter payback periods at lower ambient temperatures, with the centrifugal-centrifugal again giving the shortest payback period at all environmental temperatures, save at 328 K, where it is beaten by the axial configuration.



In conclusion, it can be said that, generally, the centrifugal-centrifugal configuration outperformed all the other configurations in economic feasibility.




3.2. Exergy Economic Analysis


Figure 4 shows the values of both exergoeconomic factor, fk, and relative difference in cost, rk, as percentages for the gas turbine engine with axial compressor. The greatest value for rk occurs in the combustion chamber (CC); this means that it is the most important component from an exergoeconomic viewpoint. Next is the axial compressor, then the LPT, HPT, and GEN, respectively. The CC, relative to the other components, has a high rate of exergy destruction and a correspondingly low value for fk.



The value of fk for all components is below 50%; this means that a cost saving for the entire system could be attained by enhancing the efficiency of the components, even if this incurs an increase in the cost of capital invested. The cost of inefficiencies in each component can be addressed based on operating conditions and design criteria, with the component with the highest relative cost difference having priority.



The values of fk and rk as a percentage of GT engine with two-stage centrifugal compressor are shown in Figure 5. The CC is again the greatest cost source relative to all other components. A study of the literature confirms that for gas turbines, the CC is accepted as the primary source of exergy destruction, greater than for any of the rotating components. The gas turbine engine with a two-stage centrifugal compressor has a relatively slight effect on rk and fk when compared to the axial compressor (reference case), due to its relatively low efficiency and capital cost. However, the impact on LPC and HPC is apparent and there is a need for greater efficiency even if it enhances capital cost because the exergy destruction makes a greater contribution to total cost. From an exergoeconomic perspective, after the CC, the LPC is the next most significant component, followed by the HPC. The gas turbine component’s economic efficiency is reduced slightly relative to turbines in the reference case due to the compressor configuration, which affects operating conditions and the quantity of extracting power.



Figure 6 shows the exergoeconomic variables (rk and fk) for the GT engine with axial-centrifugal compressor. The main findings extracted from this figure can be summarized in four points: first, the axial compressor (LPC) shows greater economic efficiency than the centrifugal compressor due to its lower level of irreversibilities, despite its higher investment cost. Second, after the CC, the cold section components have more effect on enhancing the entire system’s cost-effectiveness. Third, the potential for improvement is higher in the centrifugal compressor (HPC). Finally, the irreversibility contributed to the axial compressor is lower than for the reference case. which suggests the target of a relative reduction in investment cost as well.



Figure 7 shows the exergoeconomic variables (rk and fk) for the GT engine with centrifugal-centrifugal compressor. From this figure, it is concluded that: first, despite low exergy destruction, the LPT is most important, followed by the combustion chamber, due to varying compressor configurations. The LPC always shows better economic performance than the HPC because of cost due to inefficiencies. Therefore, modifying the design of the compressors by increasing component efficiency or adjusting the operating condition to reduce exergy destruction within the component is necessary. The values of fk for the intermediate pressure turbine (IPT) and electric generator are 63% and 56%, respectively. These values suggest that capital cost should be reduced at the expense of component efficiency. Moreover, the GT engine with centrifugal-centrifugal compressor configuration enhances the exergoeconomic efficiency for all rotating components compared to the GT with two-stage centrifugal compressor. All turbine components registered higher values of fk than for any of the previous cases investigated.



Ambient temperature is deemed a useful statistic by which to assess the local climatic conditions. Figure 8 shows the sum of component costs and exergy destruction for every component considered in the GT with an axial compressor under ISO and Kuwait climate conditions. The CC has the greatest value of     C ˙  d  +   Z ˙  k T   , followed by AC, the HPT, the LPT, and the GEN, respectively. Increasing ambient temperature adversely affects gas turbine engine efficiency and production because of increased compressor load. In the AC and HPT, an increase in ambient temperature increases both exergy destruction costs and total cost. However, for the CC, an increase in ambient temperature will increase the temperature of the air entering the CC; this causes a reduction in fuel consumption and exergy destruction. A further decrease in exergy destruction costs in the CC is possible by fine-tuning the excess air, or if the reactants are preheated using waste heat from the exhaust gases, decreasing heat lost from the CC. Pre-heating the reactants has the added benefit of decreasing the rate of fuel combusted.



For GT engines producing electricity, grid imbalances or other limitations can lead to low demand, with the GT operating at part-load; an unfavorable condition that reduces engine efficiency. The effect of change in load, from full to 65% part load on exergy destruction and component costs (    C ˙  d  +   Z ˙  k T   ) for the GT engine with axial-centrifugal compressor is shown in Figure 9. The value of     C ˙  d  +   Z ˙  k T    for each component increases when the power setting is reduced to part-load due to the increase in specific fuel consumption. The axial compressor (LPC) shows less change with load variation than the centrifugal compressor due to its higher efficiency and lower fuel exergy.




3.3. Exergyenvironmental Analysis


The environmental impact when converting energy resources into different forms of energy can be assessed quantitatively using an exergo-environmental methodology. Environmental impact has been investigated using different indicators (see Table 7). All three environmental indicators show that the GT with axial-centrifugal compressor is the most environmentally favorable and most ecologically efficient, producing the least ecological damage.



Figure 10 also shows the CO2 emissions for all four proposed GT engines. CO2 emission is strongly related to engine efficiency, as it is a measure of the fuel consumed in the combustion process. The CO2 value increases as the air-fuel ratio increases until the maximum value is achieved at the stoichiometric air-to-fuel ratio (when oxygen from the air and fuel are in perfect balance for combustion) and then decreases in the presence of excess air, e.g., the air-to-fuel ratio increases further. This leads to an important point: for maximum combustion efficiency, the proportion of carbon dioxide in the flue gases should be just less than its peak value. The gas turbine engine with an axial-centrifugal compressor achieved the lowest value of CO2 emissions per kWh when compared with others.



The current study illuminated some significant outcomes of small-scale gas turbine engines from an economical and environmental perspective. The end-user requirement is essential in selecting the appropriate gas turbine among the proposed engines. Lifecycle costing introduces valuable information about the expenses, while exergoeconomic factors help to enhance the system’s cost-effectiveness. It is interesting to note that with small-scale gas turbine engines, the engine size and maintenance cost significantly impact feasibility and economic efficiency; unlike in large-scale capacity, the maintenance cost impact is considered minor. The environmental impact of all gas turbine engines is only associated with operational efficiency and better utilization of resources.





4. Conclusions


Four GT engines with different compressor configurations under different working conditions have undergone economic, exergoeconomic, and exergyenvironmental analyses. Detailed models were developed using specialized software that represented the GT engines being studied and then validated using manufacturer’s published data.



The concluding results from this work are:




	
The costs of the net power produced by the GT engines decreased with an increase in production load and with a decrease in ambient temperature.



	
The GT with the centrifugal-centrifugal configuration is the most economically feasibility in terms of price per kilowatt power produced and shortest payback period. This was followed, in order, by the axial, axial-centrifugal, and the two-stage configuration.



	
The centrifugal compressor has the advantages of low maintenance and high reliability, whereas the advantage of the axial compressor in efficiency has become narrow for small-scale gas turbines. However, all environmental indicators show that the axial-centrifugal configuration is more environmentally benign with lowest value of CO2 emissions per kWh than the other systems considered, due to its high efficiency and lower fuel consumption.



	
The GT with axial configuration is almost as feasible as the GT with centrifugal-centrifugal configuration at the highest ambient temperature (328 K). This is because the axial compressor has higher efficiency and lower irreversibility compared to two-stage centrifugal, centrifugal-centrifugal, and axial-centrifugal compressors.



	
As the power setting is reduced to part-load, the costs associated with exergy destruction and the overall cost for each component grow due to the increase in relative fuel consumption.
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Nomenclature




	
A

	
Uniform cash flow




	
AC

	
Axial compressor




	
ACF

	
Annual return cash flow




	
ACIC

	
Annual capital cost




	
     C ˙      

	
Cost rate




	
  c  

	
Average unit cost




	
CIC

	
Initial capital cost




	
CC

	
Combustion chamber




	
COE

	
Cost of electricity




	
CRF

	
Capital recovery factor




	
DP

	
Design point




	
DPP

	
Discounted payback period




	
    E .    

	
Exergy rate




	
ET

	
Electricity tariff




	
EPC

	
Equipment purchasing cost




	
f

	
Specefic fuel cost




	
    f k    

	
Exergoeconomic factor




	
FC

	
Fuel cost




	
GT

	
Gas turbine




	
GEN

	
Generator




	
HP

	
High pressure




	
HPC

	
High pressure compressor




	
HPT

	
High pressure turbine




	
IPT

	
Intermediate pressure turbine




	
ISO

	
International Standards Organization




	
LPC

	
Low pressure compressor




	
LPT

	
Low pressure turbine




	
n

	
Number of years




	
O&M

	
Operation and maintenance cost




	
OMf

	
Fixed annual operation and mainetance cost




	
OMvb

	
Variable operation and maintenance cost




	
  P  

	
Pressure




	
    P n    

	
Nth discharge pressure




	
PV

	
Present value




	
PW

	
Present worth




	
PWF

	
Present worth factor




	
  r  

	
Tip radius




	
rk

	
Relative difference in cost




	
    r n    

	
Nominal escalation rate




	
  S  

	
Span length




	
   S V   

	
Salvage value




	
    W .    

	
Work rate




	
   Z ˙   

	
Purchase cost rate




	
Greek symbols




	
  β  

	
Capital charge factor




	
  γ  

	
Heat capacity ratio




	
      η  e x     

	
Exergetic efficiency




	
    η  t h     

	
Thermal efficiency




	
  μ  

	
Maintenance cost escalation factor




	
    Θ  e b i     

	
Environmental benign index




	
    Θ  e d i       

	
Environmental destruction index




	
  ω  

	
Rotational speed




	
Subscript




	
  e  

	
Exit




	
F

	
Fuel




	
i

	
Inlet




	
k

	
Component




	
x

	
Total




	
w

	
Work




	
xd

	
Destruction




	
GT

	
Gas turbine
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Figure 1. Gas Turbine Modelling Framework. 
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Figure 2. (a) Lifecycle costs at varying operating load, and (b) Lifecycle costs at varying ambient temperature. 
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Figure 3. The payback period of each configuration based on selling electricity (a) at variant production load and (b) at variant ambient temperature. 
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Figure 4. Exergoeconomic factor (fk) and relative difference in cost (rk) for main components of the gas- turbine engine (axial compressor). 






Figure 4. Exergoeconomic factor (fk) and relative difference in cost (rk) for main components of the gas- turbine engine (axial compressor).



[image: Processes 11 01023 g004]







[image: Processes 11 01023 g005 550] 





Figure 5. Exergoeconomic factor (fk) and relative difference in cost (rk) for main components of the gas- turbine engine (Two-Stage centrifugal compressor). 
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Figure 6. Exergoeconomic factor (fk) and relative difference in cost (rk) for the main components of the GT engine (Axial-centrifugal compressor). 
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Figure 7. Exergoeconomic factor (fk) and relative difference in cost (rk) for the main components of the GT engine (Centrifugal-centrifugal compressor). 
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Figure 8. Exergy destruction costs and total cost (    C ˙  d  +   Z ˙  k T   ) for GT (axial compressor) at ISO (288 K) and Kuwait conditions (328 K). 
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Figure 9. Exergy destruction costs and total cost (    C ˙  d  +   Z ˙  k T   ) for GT engine (Axial-centrifugal compressor) at full and part-load (65%). 
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Figure 10. CO2 emissions in g CO2/kWh for the four proposed systems. 
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Table 1. The four GT engines with associated compressor types.
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	No
	Model
	Size kW
	Type of Compressor
	Manufacturer





	1
	Saturn 20
	1185
	Axial
	Solar Turbine



	2
	M1A-17D
	1653
	Two stage centrifugal
	Kawasaki



	3
	PW123
	1759
	Centrifugal-centrifugal
	Pratt & Whitney



	4
	T5317A
	1284
	Axial-centrifugal
	Avco Lycoming
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Table 2. Saturn 20 Design-Point Iteration Targets.
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	Iteration Targets
	Units
	Value





	1.
	Overall pressure ratio
	-
	6.7



	2.
	Exhaust temperature
	K
	793.15



	3.
	Shaft Power Delivered
	kW
	1185
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Table 3. Saturn 20 Design Point Iteration Variables and Corresponding Converged Values.
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	Iteration Variables
	Units
	Range Values
	Converged Value





	1.
	HP compressor pressure ratio
	-
	2–20
	3.42



	2.
	Burner exit temperature
	K
	1200–2500
	1238.75



	3.
	Inlet Corrected Flow
	kg/s
	1–10
	6.99
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Table 4. Saturn 20 Design Point Performance Comparison—simulated and original manufacturer’s values.
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	Parameter
	Unit
	Original Manufacturer’s Value
	Simulated
	Difference
	Difference (%)





	Net Output
	kW
	1185
	1185
	0
	0



	Heat rate, LHV
	kJ/kWh
	14,670
	15,381.7
	−711.7
	−4.85



	Thermal Efficiency
	%
	24.5
	23.404
	+1.096
	+4.47



	Exhaust Mass Flow
	Kg/h
	23,410
	25,563.6
	−2153.6
	−9.20



	Exhaust Temperature
	°C
	520
	520
	0
	0
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Table 5. Financial input parameters for the current study.
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	Parameter
	Input Value





	Discount rate
	3%



	Study period
	20 years



	Specific fuel cost
	5 USD/GJ



	Fuel heat rate
	46,800 kJ/kg



	Salvage value
	10% of instlllation cost










[image: Table] 





Table 6. Exergetic efficiencies and exergy destruction rates for different system elements under steady state conditions.
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	Component
	    Exergy   Destruction   (   E ˙   x d   )    
	    Exergetic   Efficiency   (  η  e x   )    





	Compressor
	     E ˙   x d , A C   =   E ˙   x i   −   E ˙   x e   +   W ˙  C    
	    η  e x   =     E ˙   x i   −   E ˙   x e       W ˙  C      



	Combustion Chambers
	     E ˙   x d , C C   =   E ˙   x i   −   E ˙   x e   +   E ˙   x f     
	    η  e x   =     E ˙   x e       E ˙   x i   +   E ˙   x f       



	Gas Turbines
	     E ˙   x d , G T   =   E ˙   x i   −   E ˙   x e   −   W ˙   G T     
	    η  e x   =     W ˙   G T       E ˙   x i   −   E ˙   x e       



	The Cycle
	     E ˙   x d     =   ∑  k    E ˙   x d , k     
	   η  e x   =     E ˙   x p       E ˙   x f       =1 −       E ˙   x d +     E ˙   x l       E ˙   x f      
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Table 7. Environmental indicators for different GT engines under ISO conditions.






Table 7. Environmental indicators for different GT engines under ISO conditions.





	No.
	Indicator
	Axial Configuration
	Two-Stage Centrifugal Configuration
	Axial-Centrifugal Configuration
	Centrifugal-Centrifugal Configuration





	1
	Environmental Destruction Coefficient [Ced]
	3.846
	3.987
	3.704
	4.065



	2
	Environmental Destruction Index [Θedi]
	2.872
	3.005
	2.693
	3.061



	3
	Environmental Benign Index [Θebi]
	0.348
	0.333
	0.371
	0.327
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