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Abstract: To contribute to the economic viability of waste heat recovery systems application based
on the organic Rankine cycle (ORC) under real operation condition of natural gas engines, this
article presents a thermoeconomic optimization results using the particle swarm optimization
(PSO) algorithm of a simple ORC (SORC), regenerative ORC (RORC), and double-stage ORC
(DORC) integrated to a GE Jenbacher engine type 6, which have not been reported in the literature.
Thermoeconomic modeling was proposed for the studied configurations to integrate the exergetic
analysis with economic considerations, allowing to reduce the thermoeconomic indicators that most
influence the cash flow of the project. The greatest opportunities for improvement were obtained for
the DORC, where the results for maximizing net power allowed the maximum value of 99.52 kW, with
85% and 80% efficiencies in the pump and turbine, respectively, while the pinch point temperatures
of the evaporator and condenser must be 35 and 16 °C. This study serves as a guide for future
research focused on the thermoeconomic performance optimization of an ORC integrated into a
natural gas engine.

Keywords: thermoeconomic analysis; exergy analysis; PSO method; gas engine; waste heat recovery

1. Introduction

The extensive use of industrial generation engines worldwide, the low efficiency (which does not
exceed 42%), and the potential of the waste gases generated, makes this thermal machine a central
research issue [1]. Several methods have been proposed to improve the efficiency of these engines.
One has been the implementation of an organic Rankine cycle (ORC) as a waste heat recovery system
from the exhaust gases, where the working fluids play an important role in the optimization study to
obtain better performance in the process [2—4].

In a power generation system, several thermodynamic cycles were implemented for waste heat
recoveries, such as the ORC, the Kalina cycle, and the steam Rankine cycle. The complex structure of
the Kalina cycle, the operational requirement of the steam Rankine cycle such as the high operating
pressures and high risk of erosion, means the ORC cycle has the advantage given its simplicity, high
reliability, and easy maintenance, which uses organic fluids for its operation. In addition, ORC is more
suitable for using low and moderate energies (coolant engines and exhaust gases, for example) than
the Kalina cycle and the steam Rankine [5]. However, the different waste heat recovery configurations
based on ORC cycle should be studied to be optimized under a thermoeconomic point of view for a
particular heat source. Lion et al. [6] present a complete thermodynamic study of a Winterthur Gas &

Energies 2019, 12, 4165; doi:10.3390/en12214165 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-5437-1964
https://orcid.org/0000-0001-7345-9590
http://www.mdpi.com/1996-1073/12/21/4165?type=check_update&version=1
http://dx.doi.org/10.3390/en12214165
http://www.mdpi.com/journal/energies

Energies 2019, 12, 4165 2 of 21

Diesel’s marine diesel engine, which is alow-speed 6 MW of power, using Ricardo Wave simulation
software (2018.1, Ricardo UK Ltd, United Kingdom). The model was validated by comparing the results
with experimental data, an exhaust gas recirculation low-pressure architecture was implemented to
measure engine performance within the framework of international maritime organization Tier III
regulations, where the data obtained from the simulation were the inputs used in a thermodynamic
model implemented in engineering equation solver, capable of quantifying the performance of the
ORC, of evaluating the viability of the proposed system. From the results, it is observed that about
5% of annual fuel consumption would be saved for the system without ORC since improving the
efficiency would help to maximize the fuel economy. This research is limited to a thermodynamic
study of several ORC architectures, but thermoeconomic indicators were not considered in detail.

Additionally, Liu et al. [7] proposed different modifications to the configurations of the ORC
cycle and how to evaluate the performance of this cycle, where they presented ORC best practice, and
with these proposed modifications a thermal efficiency of 18.57% was achieved, higher than the other
models evaluated, thus the study provides to future researchers relevant information to evaluate the
cost-benefit of each configuration and determine which direction to take for further improvements, but
the optimal practical reported for the ORC systems applied only to diesel engines and the contribution
presented in this research is oriented to industrial gas engines.

In order to increase the energy efficiency, different modifications have been proposed to the ORC
architecture, several of the proposed improvements aim to optimize the temperature profile, where the
organic working fluid follows the external heat source in order to reduce the exergy destroyed in the
evaporator and thus increase the general second low efficiency of the system. One of the modifications
to the architecture of this system is known as RORC, where research has been carried out to increase
the efficiency of the cycle by 9.29%, and from the data obtained from these studies it can also be
appreciated that both the RORC and the simple ORC (SORC) work better with drier fluids, where the
efficiency of the cycle was also affected by the critical temperature [8-10]. These studies are limited to
compare only the SORC and RORC cycles, and the double-stage ORC (DORC) study is not integrated
with exhaust gases from a natural gas engine as a heat source.

In addition to these changes, more than one stage of the evaporation of the working fluid was
added, where each stage has a different temperature and working pressure. This modification is
considered in the DORC system, for this system was able to increase the efficiency with respect
to SORC between 8.97% and 25% depending on the operating conditions described according to
Braimakis et al. [11] and Yang et al. [12] investigations. However, this system has not been optimized
and integrated to a GE Jenbacher engine type 6 as a bottoming cycle, and in thermoeconomic terms,
some indicators of this thermal engine with ORC have not been studied in a real operational context,
such as the leveled cost of energy (LCOE), the specific investment cost (SIC), and the payback period
(PBP), which allow the technical and economic feasibility of this solution to be determined.

Huang et al. [13] studied the influence of exhaust heat distribution on the DORC performance
of a waste heat recovery system. For this case study, two DORCs were used; both cycles had a
high-temperature loop and a low-temperature loop. In one of these variations of the DORC both loops
for heat recovery were implemented, while in the other only the high-temperature loop was used.
For the high temperature working fluid candidates were water, methanol, toluene, R245fa, and pentane,
and for the low only R143a was used. To measure the influence of the exhaust heat distribution on
the equipment performance, the net power generated, exergetic efficiency, the heat transfer area of
the heat exchangers (UA), and the unit electricity production cost of the system (EPC) were used as
criteria, and from the results it was observed that only the high-temperature loop was used for heat
recovery to obtain a net power (117.46 kW), energy efficiency (57.15%), UA (65.02 kW/K), and EPC
(0.0532 $/kW h). In this research, there is not a comparative study between different configurations to
determine the most effective cycle. For this reason, it is considered as a relevant study to evaluate and
optimize different waste heat recovery configurations for a widely used industrial gas engine of 2 MW.
Additionally, this result was not found in the bibliographic review.



Energies 2019, 12, 4165 3of 21

The main contribution of this article is the analysis according to different parameters of
the feasibility in the implementation of different ORC configurations in order to maximize the
thermoeconomic indicator of the waste heat recovery cycle based on ORC from the exhaust gases of
the 2 MW gas engine. In addition, the three configurations of ORC offer an opportunity to improve the
global thermal efficiency of the engine with a payback period of fewer than 5 years, which represents
novelty with respect to the literature presented.

2. Methodology

2.1. Description of the System

The analysis presented in this study aims to evaluate the GE Jenbacher engine type 6 (JMS 612
GS-N. L, General Electric, Austria), used for the generation of power, with an operating frequency of
60 Hz, regularly rotating to 1500 rpm. The engine structure is presented in Figure 1. This engine is
installed in a plastic production company located in Colombia, this is without a Waste Heat Recovery
(WHR) system, with an efficiency of 38.58%, whose value is within an average range of what is offered
in Colombia. The engine is regulated by a throttle valve and a turbo bypass valve, provide a mixture
of natural gas to the cylinders of the engine, this in order to operate at a minimum load of 1000 kW
and a maximum load of 1982 kW, with a rate of air/fuel of 1.79 and 1.97, respectively, generating
exhaust gases in each of its 12 cylinders, with a temperature ranging from 580 to 650 °C. These gases
are expanded in the turbocharger turbines to obtain waste gases that are sent to the environment.
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Figure 1. Internal combustion gas engine scheme.

To take advantage of the thermal advantage available in these exhaust gases, the SORC, RORC, and
DORC configurations were implemented to generate additional power, as shown in Figure 2 [5,14-16].
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Figure 2. Graphic representation of the different system configurations for heat recovery in exhaust gases.

The operating conditions and thermoeconomic analysis of the SORC, RORC, and DORC models
were determined, as well as taking into account a secondary circuit of thermal oil for a real operating
context of the analyzed engine. In the most frequent operating conditions, the inlet is gas flow
(120 L/min), A (1.784), engine revolutions (1842 rpm), gas pressure (1163.6 mbar), the throttle valve is
open at 80%, while the turbo bypass valve is open at 9.1%, the gas is at a temperature of 389 °C, and
the coolant temperature is 63.9 °C. The outputs for this engine are 1758 kW with an effective efficiency
of 38.59%, the heat recovery efficiency of 40.78%, the heat removed from the exhaust gas is 514.85 kW,
and the specific fuel consumption is 177.65 g/kWh [15].

2.2. Thermoeconomic Analysis

An energetic and exegetical analysis of the SORC, RORC, and DORC models was carried out
as a waste heat recovery system [15]. Toluene was used as a working fluid, taking into account the
good cost-benefit ratio that this offers for the system integrated with the engine gases. The parameters
considered for the study of the system were isentropic efficiencies for the turbines of 80%, isentropic
efficiencies for the pumps equal to 75% [17], the temperature of the cooling water in line 1A is 50 °C,
pinch point of the condenser 15 °C, pinch point evaporator ITC2 and ITC4 (35 °C), and efficiency in the
recuperator of 85% [17]. In the base case, the pressure ratio in B1 and B2 are 2.5 and 30, respectively, for
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the SORC and RORC models, while in the DORC pressure ratios of 11.09, 20, 20, for B1, B2, and B3
were used in that order.

All the equipment of the system was analyzed under the assumption that they were in a stable
state, according to the law of conservation of mass, therefore, for the modeling of the WHR system,
a mass balance presented in Equation (1) and an energy balance presented in Equation (2) were stated.

Z‘ n.1in - Z I-hout = 0/ (1)
Z n.flin'hin - Z ndout'hout - Z Q + Z W =0, (2)

where m represents the mass flow, h represents the enthalpy of the working fluid, Q is the energy
transferred by heat, and W is the power generated measured over time.

The specific physical exergy for all currents was calculated using Equation (3), for this case the
changes of kinetic energy and potential were considered to have a negligible effect, so they were
not considered within the analysis, while the chemical exergy presented in Equation (4), was only
evaluated in the exhaust gas line.

ex = (h—hg) — To-(s —sp), 3)

where hg and sy were evaluated under reference conditions.

n
X;-ex + R-T,- Z X;-InX;, 4)
i=1 i=1

n

ch _
exg =,
where R represents the universal count of gases, Xi represents the molar fraction of the gas. From the

calculated exergy for all thermodynamic states, the exergy balance is shown in Equation (5) for each
equipment of the WHR system was carried out.

. . : T . :
Y iinexin = ) thourexout + Q1= 22|~ W= Exp =, 5)

where my,-ex;, is the exergy of the flow at the input, mout-eXout is the exergy of the current at the output,
Exp is the exegetical destruction presented in each component.

As part of the analysis process, the economic impact was also taken into account. Therefore a
total cost of production (TPC) analysis of the WHR system of the engine that generates exhaust gases
through the different ORC configurations was performed. This analysis consists of estimating the
total capital to be invested (TCI), as well as the operation and maintenance costs (O&M), as shown in
Equation (6).

TPC = TCI + O&M, 6)

where the TCI of the heat recovery system is calculated using Equation (7) [18].
TCI = FCI + other costs. )

FCI represents the fixed investment costs of the thermal system, which quantifies the direct costs
(DC) and associated indirect costs (IC), as shown in Equation (8).

FCI = CD +IC. )

The other costs are calculated by taking into account the start-up costs (SUC) represented by the
start of the equipment, the initial capital of the thermal system (WC), the costs associated with the
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research and development of activities (LRD), in addition to the costs associated with the provision of
funds during construction (AFUDC); all of this is shown in Equation (9).

Other costs = SUC + WC + LRD + AFUDC. )

The CD is the costs corresponding to the acquisition of equipment, piping accessories, equivalent
to 31% of the TCI, installation, and assembly (which is equivalent to 20%), instrumentation and control
(which is equivalent to 10%), and the electrical components and materials correspond to 11%, also
taking into account the costs for civil adequacy which are estimated to be equivalent to 45%, finally the
area work which consists of 10% for the heat exchanger, the pump, and the turbine. These data were
related according to the power output of the turbine, the power of the pump, and the heat exchange
area, taking into consideration the data supplied by the manufacturers and calculating the costs in
dollars [19-21]. All this can be seen in Equation (10) for the turbine [19,21], Equation (11) for heat
exchangers [20,21], and Equation (12) for the pump [19,21].

. - \2
l0g1Z = 2.6259 + 1.4398- log;y Wy — 0.1776-(log, W), (10)
Z = 10000 + 324-(A%), (11)

. - \2
logy Z = 3.3892 + 0.0536- log,, Wy, + 0.1538-(log W) . (12)

2.3. Thermoeconomic Indicator

Three parameters of the project’s economic performance were considered. The LCOE is the cost of
generating electricity for the systems and determines the minimum selling cost of kWh to support the
necessary investment, operation, and maintenance costs. This cost is calculated using Equation (13).

N (Cn + O&M;, + FEy)

N En
n=0 (14r)"

LCOE =

. (13)

On the other hand, the SIC, a relationship commonly used as an objective function in
thermoeconomic optimizations with ORC systems, is a cost-effectiveness indicator estimated with
Equation (14), and it is defined as the relationship between the investment cost and the net
power generated.

C
SICORC = ﬁ (14)

Another indicator the PBP, which is a criterion for evaluating profitability, refers to the time
required for the amount invested in an asset that must be repaid by the net cash inflow and is calculated
with Equation (15). All the economic constants used in the economic model are presented in Table 1
as follows.

PBP = Crpc . (15)
(1 - t) (Sannual - CTPC) + CD

Table 1. Economic data considered in the exergo-economic model.

Economic Constant Value Ref
Interest rate, iof 5% [22,23]
Nominal Scaling Ratio, rn 5% [19,24]
Lifetime of the project, n 20 years [19,25]

Hours of operation per year, T 7446 h [26]
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2.4. Particle Swarm Optimization (PSO)

Particle swarm optimization (PSO) is an evolutionary algorithm developed [27] based on artificial
life and social psychology, as well as engineering and computer science. The particle swarm algorithm
is an evolutionary calculation method for solving global optimizations, inspired by bird social behavior
and fish growth, which describes each possible solution as a particle of the total population. That is,
an individual particle has its own velocity and position vectors, as well as an individual aptitude value
determined by the target function [28]. The flow chart of the PSO algorithm is presented in Figure 3.

Problem definition PSO parameters Inicialization Evaluation (Asses
Start »-| (F.ohj, N variables, »| (Max iter, poblation, > (define initial - . -
sk in F. obj)
restrictions) cl, c2,w) poblation)
No.
A
Stablish pbest of Poblational
Stop the current » Compare fitness and | _ evaluation . Upgrade velocity
conditioning poblation with [ the particle [ o and position
: updated
better adjustment

Yes

L Result

End

\

Figure 3. Flow chart of the particle swarm optimization (PSO) algorithm.

The concept of particle swarm optimization is that each step changes the speed (i.e., accelerates)
of each particle to its pBest (best location) and gBest (best global location) locations. Acceleration is
weighted by a random term with separate random numbers generated for acceleration to pBest and
gBest locations. Particle updates are performed according to Equations (16) and (17) [27].

Vit =wVi+arn (pbesti - Xi) + C2r2<pbesti - Xi), (16)

where,
Xit1 = Xi + Vi1 (17)

Equation (16) calculates a new velocity for each particle (potential solution) based on its previous
velocity, the best location pbest has achieved so far, and the best global gBest location the population
has achieved. Equation (17) updates the location of each particle (X;j) in the search region. The two
random numbers r1, r in Equation (4) are generated independently in the range [0, 1].

Additionally, c; and c; are the acceleration constants in Equation (14) and characterize the
weighting of the stochastic acceleration relations that ensure that each particle is directed towards the
pbest and gBest positions. The cognitive parameter (c;) signifies the confidence that the particle has in
itself, and the social parameter (cy) is the confidence that the particle has in the swarm. Therefore, the
adjustment of these constants changes the dispersion and integration of particles in the system [28].
Low constant values allow particles to move away from target regions before they are removed, while
high values result in abrupt movement beyond target regions [29].

The inertia weight w affects the convergence of PSO as it is used to control the exploration skills
of the swarm, and can be calculated according to Equation (18). Large inertia weights allow wide
speed upgrades that allow global exploration of design space, while small inertia weights concentrate
speed upgrades in regions close to the design space [30]. In the present work, this version of the PSO
algorithm is modified considering the following variable pondering [30].

N of generations — Current generation
w=(w=-0-1)

0.1 18
N of generations * (18)
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In this case, the PSO algorithm had some reference parameters, which represent the optimization
considerations of the case studies. Table 2 shows these parameters and the ranges used during the
execution of the algorithm. In addition, the population values of the variables selected to calculate the
target functions are shown.

Table 2. Considerations in PSO algorithm.

Parameter Value or Range
Number of particles (Population) 10, 20, 30, 40
Number iterations (Generations) 50
Weight Inertia (w) 0.1-0.9
Cognitive parameter (c1) 0.5-1.5
Social parameter (c;) 0.5-1.5

The thermoeconomic optimization presented for each configuration was carried out considering
parametric restrictions that define the functions to be optimized. The limit values were selected
according to the operating conditions of the 2 MW Jenbacher natural gas engine. Additionally, the
efficiency values were defined according to the thermodynamic restrictions of the working fluids in
both the thermal circuit and the ORC to obtain a stable and safe operation.

Table 3 shows the ranges of variables used in SORC, RORC, and DORC optimization. These
values were selected to guarantee the appropriate performance of the process, besides minimizing the

destroyed exergy.
Table 3. Ranges of decision variables in cycle configurations.
Variables SORC/RORC DORC
Symbol Unit Minimum Maximum Minimum Maximum

ng % 60 90 60 80

np % 55 85 60 85

AP °C 20 60 30 35
Tcond °C 55 88 11 16
Pevap MPa 0.2 3.58 1.01 1.68

3. Results and Discussion

3.1. Parametric Study on Thermoeconomic Indicator

The results of the thermoeconomic indicators for the configurations studied are shown in
Figures 4-6. Although the DORC configuration uses two evaporating pressures to bring the temperature
of the organic fluid closer to the thermal source and thus destroy less exergy, the best results are
presented for the simple and recovery configuration. In detail, the LCOE and PBP of the RORC
present a minimum of 0.1238 USD/kWh and 4.28 years at evaporation pressure of 3 MPa. However,
these values increase with evaporation pressures greater than 3 MPa, since the turbine pressure ratio
increases the cost of acquiring this equipment, as shown in Figure 4a—c.

The least profitable cycle for all conditions evaluated is the DORC, as they present specific
investment cost values between 1600 and 2000 USD/kWh, with the amortization period between 5 and
7 years, and the largest LCOE of 0.1919 USD/kW.

There is a 17.62% decrease in the ratio of total capital to be invested in the output power for the
DORC, depending on the efficiency of the expander. However, these values do not exceed the values of
the LCOE and the amortization period of the simple cycles and with recovery for the case of Toluene.
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(a,d) LCOE, (b,e) SIC, and (c,f) PBP.

The LCOE and the SIC of the system have a smaller variation for the increase of the minimum
temperature difference both in the evaporator from 15 to 35 °C, and in the condenser from 11 to 24 °C.
The LCOE and the SIC of the system have a smaller variation with respect to the increase of the
minimum temperature difference both in the evaporator from 15 to 35 °C, and in the condenser from 11
to 24 °C. However, the minimum values obtained for the configurations with recuperator (1351.19 and
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1395.11 USD/kW), followed by the simple configuration (1532.17 and 1558.48 USD/kW) and finally the
least attractive solution which is the double pressure (1683.19 and 1688.42 USD/kW). The SIC values are
consistent with those obtained in engine waste heat recovery systems using ORC [31], where the ICS
varies between 2700 and 5500 USD/kW for the different organic fluids, given that the systems proposed
in the present research generate around 120 to 170 kW, while those reported by Quoilin et al. [31],
only generate in their optimal condition 4.2 kW for n-butane in a geothermal application. The results
are also consistent with the results presented in the thermoeconomic optimization proposed by
Lecompte et al. [32] in the cogeneration process.

The behavior of economic indicators changing the turbine efficiency is reported in Figure 5a—c.
This variation is a consequence of the fact that the cost of the equipment is higher for the turbine,
where it represents more than 30% of the total capital to be invested, a percentage consistent with that
calculated in other investigations [33,34], where the turbine costs 40.4% of the total cost in a geothermal
power generation application. The efficiency of the turbine plays an important role in the percentage
contribution to the total costs, reaching 78.6% and 72.5% of the total investment of the ORCs using
acetone and cyclopentane for the use of waste heat using an axial turbine [35].

Figure 6a—c shows the influence of the evaporator pinch point temperature on the thermoeconomic
indicator, where the higher the oil inlet temperature and the lower evaporator pinch, the greater
both the total loss of process energy and the cost of destroyed evaporator exergy. The Pinch effect
of the evaporator on the total loss of energy in various components such as the turbine, pump, and
recuperator is very small since these are located prior to the evaporator. The effect of the condenser
Pinch Point temperature on the thermoeconomic indicator is presented in Figure 6d—f, where this
parameter has more effect on the evaporator in the simple configuration and condensers in the
configurations with recuperator and double pressure, given the increase in the irreversibilities for heat
transfer. The operating conditions of the recovery system will be discussed in more detail in the next
optimization section, where it is proposed to minimize these indicators.

3.2. Optimization Method Selection

To select the optimization method, the convergence time obtained by optimizing each objective
function in the thermoeconomic optimization problem was compared. The algorithms studied were the
Repulsive Particle Swarm (RPS) [36], the Particle Swarm Optimization (PSO) [37], and the FMINCON
function available as a complement in the MATLAB ® software (R2018b, MathWorks, Massachusetts,
USA) [38]. The PSO algorithm presented the shortest computation times as shown in Table 4, with
an average computational time of 14.2 min for the SORC considering all the objective functions and
evaluated, which is 58.3% less than the solution with RPS, and 110.5% less than the solution obtained
with the FMINCON function. This result with the PSO method was obtained using a particle number
of 40, and a generation number of 30. This method emulates the behavior of flocks of birds and
generates a population of candidate solutions, denoted as “particles,” and is based on the position and
speed of these to look for the best global among the best local. On the other hand, the RPS algorithm,
which is a variant of the PSO, also present good results but it requires more computational resources.
This method does not have the tendency of best performance. However, it presents the repulsion
and the best position of another randomly chosen particle, which makes it more robust than the PSO
but with drawbacks in the recovery of the non-existence of solution. Finally, the longest time was
presented for the FMINCON function, which is an optimization function belonging to the MathWorks
mathematical software library, which satisfies limits in all iterations and is based on the Hessian of the
objective function supported by the structure of the Lagrange multiplier.
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Table 4. Average computational time for different optimization methods.

Configuration Obj ecflve PSO Time (Min) RPS Time (Min) FMINCON Time (Min)
Function

LCOE min 18.5 25.6 28.4
SIC min 12.2 18.6 19.6
SORC PBP min 15.8 31.3 21.2
Power max 10.2 14.4 14.7
Average time (min) 14.2 22.5 29.8
LCOE min 104 119 19.6
SIC min 125 18.2 22.3
RORC PBP min 11.7 9.2 16.3
Power max 8.1 4.5 14.7
Average time (min) 10.7 11.0 14.0
LCOE min 6.4 5.6 12.8
SIC min 8.9 7.8 12.0
DORC PBP min 104 9.8 135
Power max 19.4 12.8 29.3
Average time (min) 113 9.0 18.7

3.3. Thermoeconomic Optimization

The three provisions were studied, and the four objective functions were considered. In addition,
the study of the effect of population size and the maximum number of iterations on the convergence of
the PSO algorithm for the thermoeconomic optimization of the different configurations is presented.

The results obtained from the thermoeconomic optimization of the three proposed configurations
for the use of waste heat from the 2 MW natural gas generation engine are presented below. These
results seek to contribute to the economic viability of applying these configurations to real industrial
operation environments, due to the fact that improvement is obtained in the overall thermal efficiency
of the generation engines that operate with natural gas, widely used for generation purposes in the
industrial sector [39]. This improvement in efficiency also implies an improvement in economic
indicators that allows investors to provide better payback periods, leveled energy costs, and greater
recovered power.

For this purpose, a description of the implemented PSO algorithm with its considerations is
presented initially. Next, the decision variables are presented with the restrictions considered in the
multivariable optimization and, in addition, the results for each configuration under study. The four
target functions are shown below:

FObj1 = LCOE(ny, n¢ Ap, Teond, rp),

FObj2 = PBP(n, n¢ Ap, Tcond, rp),

FObj3 = SIR_Var(n, ny Ap, Tcond, rp), and the objective energetic function to maximize is
Fobj4 = Wneto(n, nt Ap, Tcond, rp).

Finally, a comparative analysis is presented of the performance parameters that allow selecting
the most profitable solution in the selected operating condition for the engine. For each configuration,
the behavior of the performance parameters to obtain the optimal values were analyzed. Thus, the
tendency of the parameters during the iteration of the PSO optimization was studied. From the results,
the parameters with the greater influence in the final objective of the case studies are identified to
manipulate the values that provide higher system performance.

3.3.1. SORC Optimization

The initial positions of the individual particles were randomly generated in the search space;
however, the variation in population size allowed to guarantee the quality of the solution. Figure 7
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shows that the best solutions for the four target functions were obtained for a particle number of 40
and a generation number of 30. Thus, for the SORC using toluene as an organic fluid, a maximum
number of iterations or 30 generations with a population size of 10, 20, 30, and 40 was considered.
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Figure 7. Variation of the target function with the number of generations and particles for the
simple organic Rankine cycle (SORC) system; (a) minimization of LCOE, (b) SIC, (c) PBP, and
(d) power maximization.

The distributions of the parameters used for the optimization of the four target functions is
presented, LCOE (Figure 7a—c), SIC (Figure 7d—f), PBP (Figure 7g—i), and power (Figure 7j-1) with a
population of 10, which allows visualization of the evolutionary trend of the decision variables.

Figure 8 presents the distribution of the decision variables with the number of generations and a
population of 10 for the optimized variables. The results of minimizing LCOE are shown in Figure 8a,
where it reaches a minimum value of 0.1222 $USD/kWh, when the pump and turbine have an efficiency
of 85% and 90%, respectively. Additionally, the pinch temperature of both the evaporator and the
condenser should be 31.36 and 15 °C, respectively. During the minimization of the LCOE in the
SORGC, the turbine efficiency values increase linearly as the iterations pass to 10 and then remain stable,
as reported in Figure 8a. For this case study, the pump efficiency values decrease and increase during
evolution, indicating compensation in the optimization iterations. These results are associated with
the greater relevance of the turbine efficiency over the thermoeconomic indicators, in comparison with
the pump efficiency.

The pinch point temperature of the condenser presents an oscillatory behavior until iteration
10, from which it decreases with a minimum amplitude as the optimization progresses, as shown in
Figure 8b. Likewise, the evaporator pinch point temperature decreases from a value of 27.11 to 21.7 °C
and then varies polynomially, to end with a value of 24.7 °C, while the evaporator pressure changes
only in the first five iterations. These results show that the best LCOE values are obtained at the highest
evaporating pressures, and there are different pinch temperature combinations of both the condenser
and the evaporator, which satisfy the objective.

The results for the SORC are reported in Table 5, for the different objective functions studied
where the optimum values of the parameters and the thermoeconomic indicators of the system are
obtained. Based on the solutions obtained, a variation of the economic indicators less than or equal
to 1% is indicated to achieve the maximization of power in the SORC in solution IV, which indicates
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that the costs per energy generated do not represent a problem to increase the power of the system,
in addition, the thermal efficiency of the cycle increases only 2.8% in the process to maximize the
power, which corresponds to only 0.1% greater than those obtained with other solutions.
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Figure 8. Distribution of decision variables with the number of generations and a population of 10 for
the minimization of LCOE (a—c); SIC (d—f); PBP (g-i) and power maximization (j-1) in the SORC.

Table 5. Thermoeconomic optimization solution in the SORC.

Parameter Optimized Value
Symbol Unit Solution I Solution II Solution ITT Solution IV
ng % 90 90 90 90
np % 85 85 85 85
AP °C 31.36 31.24 31.19 35
Tpinch-co °C 15 11 11 11
Pevap MPa 3.58 3.58 3.58 3.58
Nthengine-ORC % 41.38 41.38 41.38 41.38
ANher % 2.79 2.79 2.79 2.80
NLORC % 24.61 24.61 24.61 24.67
€hr % 40.77 40.77 40.77 40.77
TN1,global % 10.04 10.04 10.04 10.06
NLORC % 51.82 51.81 51.81 51.93
ABSFC % 6.72 6.726 6.726 6.74
LCOE $USD/kWh 0.1222 0.1222 0.1222 0.1223
SIC $USD/kWh 1224.54 1220.64 1220.65 1221.94
PBP years 5.12 5.1035 5.1034 5.1096
Wiotal kW 126.83 126.82 126.82 127.09

3.3.2. Optimization RORC

Variations of the four target functions with the number of generations and under different particle
numbers (10, 20, 30, 40) are shown in Figure 9, where the most cost-effective solution for each target
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is determined. Solutions I, II, III, IV are obtained with a total of 30 iterations and a different number
of populations, which is why it is considered crucial to analyze the effect of this parameter on the
performance of the PSO algorithm and, therefore, on the results obtained. In this study, for the RORC
system with toluene, the recovery efficiency of 85% according to the operational conditions of the
system was considered.
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Figure 9. Variation of the target function with the number of generations and particles for the
regeneartive organic Rankine cycle (RORC) system; (a) minimization of LCOE, (b) SIC, (c) PBP, and
(d) power maximization.

The results obtained during SIC minimization are shown in Figure 9b, which refers to solution II.
In this case, the minimum value of the function is 1113.73 $USD/kWh during the 30 iterations and with
a number of particles of 10. This solution contains the optimal ones for the objective variables as well
as for the energetic and exergetic indicators of the system, which guarantee the fulfillment of the posed
objective. Thus, the minimum SIC value is reached when the pump and turbine efficiencies are 85%
and 90%, respectively. While the pinch point temperature of the evaporator and condenser must be
14.52 and 11 °C, respectively.

Figure 10 shows the distributions of the target variables used to optimize the four target functions,
LCOE (Figure 10a—c), SIC (Figure 10d-f), PBP (Figure 10g—i), and power (Figure 10j-1) with a population
of 10.

The behavior of the pump and turbine efficiencies with increasing iterations is shown in Figure 10d,
which shows a similar trend between the two. From iteration 10, both variables are stabilized, which
indicates that the efficiencies of the rotating equipment significantly influence the function to be
minimized, as shown in Figure 10b, where the SIC decreases from 1182.95 to 1129.2 $USD/kWh in the
space of 0 to 10 iterations.

The pinch point temperature of the evaporator decreases linearly, as does the temperature of the
condenser. However, it presents a peak in the space of 5 to 15 iterations, which indicates compensation
for the possible optimal values. While, the pinch point temperature of the condenser does not show
increases with the passage of iterations, as shown in Figure 10e. These results show that the best SIC
values are obtained at the highest evaporating pressures which are stable after iteration 10 (Figure 10f),
therefore, it is possible to affirm that the influence of the recuperator on the ORC system guarantees an
increase in system efficiencies and a decrease in the temperature of the condenser and evaporator pinch.
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Table 6 shows the values obtained for the RORC, including the energetic, exergetic, and
thermoeconomic parameters of the system. Solutions I and III contain the minimum values of
the four target functions and are therefore considered optimal solutions for the minimization of LCOE,
SIC, PBP; however, it does not meet the objective of system power which is to maximize its value, as in
solution IV where there is an increase of 0.08%. The maximum variation of LCOE (0%), SIC (0.06%),
and PBP (0.16%) are very low, so the solutions obtained in the optimization are compatible, and
there is no restriction with respect to thermoeconomic indicators. Table 6 shows the thermoeconomic
optimization result of the RORC.
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Figure 10. Distribution of decision variables with the number of generations and a population of 10 for
the minimization of LCOE (a—c); SIC (d—f); PBP (g-i) and power maximization (j-1) in the RORC.

Table 6. Thermoeconomic optimization solution in the RORC.

Parameter Optimized Value
Symbol Unit Solution I Solution IT Solution ITI Solution IV
ng % 90 90 90 90
np % 85 85 85 85
AP °C 15 14.52 15 14.52
Tpinch—co °C 11 11 11 11
Pevap MPa 3.58 3.58 3.58 3.58
Tlthengine—ORC % 42.41 42.41 4241 4241
ANher % 3.82 3.82 3.82 3.82
NL,ORC % 33.7 33.73 33.7 33.75
Ehr % 40.7 40.77 40.7 40.77
T1,global % 13.75 13.76 13.75 13.75
MNILORC % 70.9 71 70.9 71
ABSFC % 8.98 8.99 8.98 8.99
LCOE $USD/kWh 0.1110 0.111 0.1110 0.111
SIC $USD/kWh 1114.07 1113.73 1114.07 11137
PBP years 4.68 4.686 4.6879 4.68

Wiotal KW 173.64 173.79 173.64 173.79
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3.3.3. DORC Optimization

The variations of the target functions for different particles (10, 20, 30, 40) with respect to the
number of iterations in the DORC system are shown in Figure 11. In this section, we seek to study the
performance parameters in a DORC in order to optimize and choose the solution that provides a degree
of improvement in the system. Solutions I, II, III, and IV correspond to the minimization of LCOE, SIC,
PBP, and maximization of net power, respectively, and are obtained for 40 particles and 30 iterations.
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Figure 11. Variation of the target function with the number of generations and particles for
the double-stage ORC (DORC) system; (a) minimization of LCOE, (b) SIC, (c) PBP, and (d)
power maximization.

The evolution of the target variables for each optimization case is presented in Figure 12, generated
with 10 particles and a search space of 30. The results for maximizing the net power of the DORC
system are shown in Figure 12d and correspond to a maximum value of 99.52 kW. In this case, the
system must have 85% and 80% pump and turbine efficiencies, respectively. Similarly, the pinch point
temperatures of the evaporator and condenser should be 35 and 16 °C.

The distribution of the target variables proposed to maximize the net power within the iterative
space is shown in Figure 12j,1, in which the evolutionary trend of the pump and turbine efficiencies,
the pinch point temperatures of both the evaporator and the condenser, and finally the evaporating
pressure is visualized.

The variations of the efficiencies in the pump and turbine are polynomial, and their values
increase with the increase in the number of generations, as illustrated in Figure 12j. The efficiency
of the pump reaches its upper limit (85%) after iteration 20, whereas the efficiency of the turbine
reaches its maximum value (80%) from iteration 15 since both variables are determinant for achieving
maximum power.

Figure 10k shows that the evaporator pinch temperature presents small variations that tend to the
upper limit, and the condenser pinch tends to the lower limit of its values, which indicates an operational
restriction of the DORC in terms of heat transfer capacity, characteristic of its phenomenological
characteristics. Figure 121 shows that the evaporation pressure increases step by step until iteration 15,
after which the values remain stable at their upper limit, which indicates that the maximum power is
carried out at higher evaporation pressures.
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DORC thermoeconomic optimization values reported in Table 7 show that the LCOE and PBP do
not present changes in their values, which indicates that these indicators will always be minimal due
to the operational conditions of the system and/or the considerations made for the development of the
PSO algorithm. However, the SIC and the power do present variations between their minimum and
maximum values of 0.012% and 0.09%, respectively. To achieve this, the pinch point temperature of the
evaporator presents an increase of 16.6%, while the other decision variables do not present variation
between the solutions obtained, this being the parameter that allowed maximizing the net power.
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Figure 12. Distribution of decision variables with the number of generations and a population of 10 for
the minimization of LCOE (a—c); SIC (d—f); PBP (g—i) and power maximization (j-1) in the DORC.

Table 7. Optimization solution in the DORC.

Parameter Optimized Value
Symbol unit Solution I Solution IT Solution ITT Solution IV
ng % 80 80 80 80
np % 85 85 85 85
AP °C 30 32.7 32 35
Tpinch-co °C 16 16 16 16
Pevap MPa 1.68 1.68 1.68 1.68
Nthengine-ORC % 40.78 40.78 40.78 40.78
ANher % 2.19 2.19 2.19 2.19
N1,0RC % 19.31 19.32 19.32 19.33
€hr % 40.86 40.85 40.85 40.86
T1,global % 7.89 7.89 7.89 7.9
MN11,0RC % 40.62 40.64 40.64 40.66
ABSFC % 5.35 5.35 5.35 5.35
LCOE $USD/kWh 0.1613 0.1613 0.1613 0.1613
SIC $USD/kWh 1610.63 1610.50 1610.51 1610.7
PBP years 5.67 5.67 5.67 5.67

Wiotal kW 99.43 99.48 99.48 99.52
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4. Conclusions

The results obtained during the minimization of the SIC in the RORC configuration allowed
reaching a minimum value of 1113.73 $USD/kWh with 30 iterations and a number of particles of 10 by
means of the PSO algorithm, with pump and turbine efficiencies of 85% and 90%, respectively. While,
the pinch point temperature of the evaporator and condenser should be 14.52 and 11 °C, respectively.
This result allows to have a reference value by integrating this configuration to the engine under
study, and to achieve payback periods less than five years, which is a very attractive result for the
current market and allows to project favorable scenarios for the implementation of this equipment
at an industrial level, specifically in the waste heat recovery from natural gas thermal engines on an
industrial scale.

The second configuration with the best performance was the SORC, whereby minimizing the
LCOE with a minimum value of 0.1222 $USD/kWh, the pump and turbine have an efficiency of 85%
and 90%, respectively. The best LCOE values are obtained at the highest evaporating pressures, and
there are different pinch temperature combinations of both the condenser and the evaporator, which
satisfy the objective. These indicators make it possible to evaluate both the viability and feasibility of
implementing the SORC configurations in the different operating conditions of the engine.

The greatest opportunities for improvement were obtained for the DORC configuration, where
the results for maximizing net power allowed the maximum value of 99.52 kW, with 85% and 80%
efficiencies in the pump and turbine, respectively, while the pinch point temperatures of the evaporator
and condenser must be 35 and 16 °C. Necessary research to increase the performance of the DORC
and obtain better indicators is to investigate and evaluate other organic fluids in this configuration,
whether pure or mixed, orienting them to increase the amount of heat absorbed in the evaporator and
increase the enthalpy change in the turbine, with lower evaporation pressures to obtain better results
in the thermoeconomic indicator.

The developed optimizations allowed to obtain favorable thermoeconomic indicators of the
residual heat recovery system, that allow projecting its application in the Colombian Caribbean Coast,
since under real scenarios of operation of the natural gas engine Jenbacher JMS 612 GS-N. L of 2 MW
was obtained for the RORC, an LCOE (0.111 $USD/kWh), SIC (1113.73 $USD/kWh), PBP (4.68 years),
and Power (173.79 kW). The primary purpose of the scope of this paper is to promote the rational use
of energy in generation systems, through the comparative analysis of different configurations of waste
heat recovery, which allow economic and energy savings if they are widely applied in the industry.
However, it is not possible to determine if the implementation of this technology is consistent with
environment preservation. Therefore, the need arises to conduct environmental impact assessment
studies using different tools, such as life cycle analysis, to ensure the sustainability of these solutions.
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Abbreviations

The following abbreviations are used in this manuscript:

DORC Double pressure Organic Rankine Cycle
ORC Organic Rankine Cycle

RORC Regenrative Organic Rankine Cycle
SORC Simple Organic Rankine Cycle

WHR Waste Heat Recovery
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Nomenclature

Cp Specific heat at constant pressure [J/kg-K]

E Energy [J]

ny Turbine efficiency [%]

1y Pump efficiency [%]

ex Specific exergy [k]/kg]

h Specific enthalpy [k]/kg]

m Mass flow rate [kg/s]

Q Heat [J]

R Universal gas constant [atm-L/mol-K]

T Temperature [K]

t Time [s]

1% Power [kW]

X; Molar gas fraction

Greek Letters

T Hours of operation per year

Subscripts

D Destroyed

in Input

out Output

G Gases

vC Control volume

o Reference condition
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