energies

Article

AERES: Thermodynamic and Economic Optimization Software
for Hybrid Solar-Waste Heat Systems

Icaro Figueiredo Vilasboas 1* Victor Gabriel Sousa Fagundes dos Santos 2 Vinicius Oliveira Braz de Morais 1,
and Julio Augusto Mendes da Silva *

Armando Sa Ribeiro, Jr. 3

check for
updates

Citation: Vilasboas, I.F.; dos Santos,
V.G.S.E; de Morais, V.O.B.; Ribeiro,
AS., Jr; da Silva, J.A.M. AERES:
Thermodynamic and Economic
Optimization Software for Hybrid
Solar-Waste Heat Systems. Energies
2022, 15,4284. https://doi.org/
10.3390/en15124284

Academic Editors: Pedro
Dinis Gaspar, Pedro Dinho da Silva

and Luis C. Pires

Received: 9 May 2022
Accepted: 8 June 2022
Published: 10 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1

Industrial Engineering Program (PEI), Federal University of Bahia, Salvador 40210-630, Brazil;

viniciusmorais@jsglobal.com.br

Department of Electrical and Computer Engineering (DEEC), Federal University of Bahia,

Salvador 40210-630, Brazil; victor.sousa@Qufba.br

3 Department of Construction and Structures (DCE), Federal University of Bahia, Salvador 40210-630, Brazil;
asrj@ufba.br

4 Department of Mechanical Engineering (DEM), Federal University of Bahia, Salvador 40210-630, Brazil;

julio.silva@ufba.br

Correspondence: icaro.vilasboas@ufba.br

Abstract: Heliothermic technologies are affected by their low density, intermittence and low economic
competitiveness. Hybrid solar-waste heat power systems can increase plant conversion efficiency
and power generation while reducing intermittence. This study focused on the development of
software (AERES) to economically optimize hybrid solar-waste heat power systems in terms of
technology selection, sizing, operating conditions and power block characteristics. The technologies
considered for algorithm selection were (i) heat exchangers that recover a wide range of waste heat
sources, (ii) non-concentrating and concentrating solar collectors (a flat plate, an evacuated tube, a
linear Fresnel and a parabolic trough), (iii) organic Rankine cycle power blocks and (iv) storage tanks
(direct thermal storage systems). The last two technologies were represented by surrogate models
so that a large number of decision variables could be optimized simultaneously. The optimization
considered local climate conditions hourly to provide irradiation, local temperature and wind speed.
The case studies indicated that optimized ORCs for waste heat recovery are economically competitive,
reaching internal rates of return (IRRs) of 44%, 39% and 34% for a waste heat of 50 MWt at 350 °C,
300 °C and 250 °C, respectively. On the other hand, heliothermic technologies were not selected by
the algorithm and provided non-competitive results for the analyzed cases.

Keywords: solar thermal; hybrid solar power; heliothermic power; waste heat recovery; thermody-
namic and economic optimization

1. Introduction

The progressive increase in global energy consumption and the need to reduce the
greenhouse effect are driving researchers to seek more efficient processes and renewable
energy sources. In this context, solar energy can be considered inexhaustible as it emits
1.7 x 108 GW of power to the earth’s surface [1], which represents more than 5500 times
the expected global capacity in 2050 [2].

The main challenges for the implementation of solar plants are their low energy
density [3], the low capacity factor of generating units [4] and the geographic dependence
on areas with high levels of solar radiation [5]. Solar thermal power plants (STPPs) can
use energy storage systems to increase their capacity factors while decreasing the effects
of solar intermittence [6]. Furthermore, solar concentrators can increase the global energy
efficiency of power systems by increasing the operating temperature and reducing thermal
losses in the receivers [7,8].
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The hybridization of power systems through the use of solar thermal power and
waste heat recovery to increase the power generation and efficiency and reduce the specific
greenhouse gas emissions of existent plants is a relevant subject that has been addressed
in several works. Mendecka et al. [9] applied an exergo-ecological analysis to compare a
solar-waste heat power plant and a gas-integrated waste heat power plant. Their results
indicated that despite its ecological advantages, the solar-waste heat power plant had
higher exergetic costs. Franchini et al. [10] compared a solar Rankine cycle (SRC) and
an integrated solar Rankine cycle (ISRC) that combined solar collectors with waste heat
that was recovered from gas turbine gases. Their results showed that the solar-to-electric
efficiency increased by 4.8% when ISRC was applied using parabolic trough collectors
and by 2.3% when the integrated system used solar tower collectors. Rashid et al. [11]
compared two configurations of hybrid solar-natural gas power plants: (i) grid-level
hybridization, when two independent plants generated electricity for the same energy grid
and (ii) plant-level hybridization, when two heat sources (solar and waste gases) were used
as the supply for the same power plant. The plant-level unit showed several advantages
over the grid-level configuration, such as solar-to-electric efficiency, solar fraction and
emission levels of 33%, 20% and 0.43 tonne/MWHh, respectively, compared to 31%, 12%
and 0.54 tonne/MWh for the grid-level plant, respectively. Chen et al. [12] proposed a
steam cycle that was supplied by a hybrid solar and solid waste plant. With this design, the
solar energy produced 1.17 MWe of net energy with a solar-to-energy efficiency of about
21.6% and a levelized cost of energy (LCOE) of 0.12 USD/kWh. Similarly, Arabkoohsar and
Sadi [13] presented a hybrid solar-waste incineration power plant and their results revealed
an LCOE of 0.82 USD/kWh. According to [13], these results were more competitive than
those from traditional heliothermic plants (1.2 USD/kWh). Han et al. [14], on the other
hand, proposed the integration of non-concentrating solar collectors to preheat air in boilers.
Their results revealed a slight increase in energy efficiency (0.57%) and a decrease of 37% in
exergy loss using the air preheating process.

The thermodynamic and economic optimization of power plants is complex as it
requires the simultaneous optimization of configuration, sizing and operational parameters.
Integrated solar combined cycles (ISCCs) provide a wide variety of possible structures,
as presented by Behar et al. [15], e.g., (i) solar collectors as intermediate-pressure vapor
generators in gas turbine waste heat recovery power plants [16], (ii) solar collectors in series
with biomass gas turbine exhaust to heat the heat transfer fluid [17] and (iii) solar collectors
used to increase the temperature of geothermal sources in order to produce power and hot
water for domestic use [18]. Alirahmi et al. [18] proposed a multi-objective optimization
of a multi-generation hybrid solar and geothermal plant. This design was optimized in
terms of the exergy efficiency and specific cost and resulted in 29.95% and 129.7 USD/G]J,
respectively. Coutinho et al. [19] proposed a hybrid solar-natural gas power plant for
generation-scale distributed power (<100 kWe) using a constant direct normal irradiance
of 1600 kWh/m? yr. The power block consisted of a Brayton topping cycle and a Rankine
bottoming cycle. The LCOE resulting from this plant was 0.179 USD/kWh. Elmorsy
et al. [20] performed exergy-based optimization on a structure composed of a gas turbine,
waste heat recovery (WHR) and a direct steam linear Fresnel reflector (LFR). A separated
backpressure steam turbine was supplied with steam from collectors and its outlet was
connected to the WHR system and the low-pressure turbine. The authors indicated that an
interactive optimization could lead to an LCOE of 40.0 USD/MWh with specific cost of 1088
USD/kW. Rovira et al. [21] presented a combined solar thermal and gas turbine with a WHR
system and vapor injection. The solar field system was used to provide additional vapor for
the turbine. Their results revealed no significant variations in the LCOE (~93 EUR/MWh)
when the solar field was included in the structure. In contrast, a considerable difference in
LCOE was obtained in the results presented in [20], indicating that hybridization results
are very dependent on the chosen configuration, location and assumptions.

This work presents the methodology that was used to create a software to perform
economic optimization for hybrid systems, which could be composed of solar fields (flat
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plate, evacuated tube, linear Fresnel or parabolic trough), WHR or optimized power blocks
(ORCs). The system configuration, operational parameters and sizing were simultaneously
optimized for the local climate and the temperature, power and type of the waste heat.

2. Hybrid Solar-Waste Heat Power System

Four solar thermal technologies were considered as possible components for the
solar field, together with heat exchangers for up two waste heat sources: (i) a flat plate
collector, (ii) a evacuated tube collector, (iii) a linear Fresnel reflector and (iv) a parabolic
trough collector.

Figure 1 shows the hybrid solar field (HSF) that was available for the algorithm
selection of technologies and configuration. Four of the six numerated boxes represent
solar collectors and two represent heat exchangers to make use of the waste heat sources.
The solar collector and heat exchanger positions were not fixed and depended on their
operational temperature. The solar hybrid power plant could use (or not) a direct thermal
storage system (TES) to store the excess of energy from the HSF and supply the power
block (PB) when the energy provided by the HSF was less than required.

Local irradiance

Waste heat

== Working fluid
==Thermal fluid
== Cooling fluid

Figure 1. General hybrid solar power plant scheme with a hybrid solar field (left), power block
(right) and direct thermal energy storage system (center).

3. Methodology

Both heat exchangers and solar collectors were modeled using Thermal Engineering
Systems in the Python (TESPy) toolkit [22]. The TES energy loss and ORC power block
were modeled using a surrogate model approach, which was developed in Scikit-learn [23].
The thermophysical properties were obtained using the CoolProp [24] python wrapper.
The meteorological data from specific regions were obtained from the NREL weather
database [25]. The energy and mass balances were evaluated in steady-state every hour.
The potential and kinetic energy variations were neglected and no heat loss from the pipes
or equipment was considered, except for the storage tanks and solar collectors.

3.1. Optimization

The economic objective function could be selected from the internal rate of return
(IRR), net present value (NPV) and levelized cost of energy (LCOE). The optimization was
carried out considering binary variables to represent technology selection and continuous
variables that were related to the power block mass flow rate (mpp), heat source inlet
(Ty) and outlet (T¢) temperatures and the TES storage capacity, as well as the continuous
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design variables that were related to the aperture and heat transfer areas. Table 1 shows
the decision variables and their upper and lower bounds, in which S represents the binary
structure decision variables, A represents the aperture or heat transfer areas and i is a
counter representing any chosen waste heat source or collector type.

Table 1. Lower and upper bounds of the hybrid solar-waste heat power plant decision variables.

Variable Description Type Lower Bound Upper Bound
Structure
$5;1<i<6 Decision Binary 0 1
Variables
Aperture or
A; 1<i<6 Heat Exchanger Continuous Om 1 x 10° m
Areas
O Heat Transier  Continuous 100 kW 50,000 kW
Ty PB Inlet Continuous 106 °C 350 °C
Temperature
Tc PB Outlet Continuous 96 °C 340 °C
Temperature
TES Storage .
tTES Capacity Continuous 0Oh 12h

Simultaneous to the hybrid field optimization, the power block and storage tanks
were optimized using surrogate models, which are described in their respective sections.

A genetic algorithm from jMetalPy [26] was used for optimization. A modification
to the population of the first generation using a Latin hypercube stratification (LHS) for
the continuous variables and all possible combinations of the binary variables was used in
order to improve the quality of the first population.

Algorithm Logic

The hybrid solar field could be operated according to the following modes, depending
on the local time-dependent irradiance: (i) loading the hot tank; (ii) loading the hot tank
and running the ORC; or (iii) running the ORC with the help of the hot tank. The operation
mode was selected by the optimization algorithm for every hour of the specified period
of time.

The hourly HSF mass flow rate (mpsr) was calculated using Equation (1) as a function

of the sum of the heat provided by the heat exchangers (QW gr) and solar collectors (le)

and the thermal fluid enthalpies, i.e., it was a function of the decision variables that were

under selection. _ '

_ LQco X QwHhR
hy —he

The power block mass flow rate (mpp) was calculated by adding m sy to the mass
flow rate from the tank level variation (m7gs), see Equation (2). When mrgg was negative in
Equation (2), the HSF was supplying the PB and charging the TES at the same time. When
mysp + mres was not enough to meet the power block design flow rate, it was turned off.

M

MgsF

mpp = Mysr + MTES )

Figure 2 shows the algorithm flowchart, which includes the optimization block and the
thermodynamic block. Firstly, the algorithm read the input data, which was composed of
economic and historic climate information as well as the avaliable collectors and waste heat
characterisctics that were selected by the user. Then, it defined the typical meteorological
period (the user could choose between 1, 4, 12 or 52 typical days or a whole typical year;
however, for the sake of simplicity, Figure 2 is for one typical day) to compress the historical
climate input and the number of possible combinations of collectors and waste heat sources
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as well as the LHS stratification of the decision variables. The optimization block defined
the decision variables, i.e., the configuration and sizing of the HSF, the tank capacity and the
power block operational point (mpp, Ty and T¢), which were assigned to every individual
that was provided by the genetic algorithm. The thermodinamic block, in turn, defined the
best power block for the selected operational point based on its surrogate model and then
calculated the hourly mass flow and the TES heat loss to define the power block status at
each hour of the selected typical period.

Optimization block Thermodynamic block
——

Start Decision Zozvefr_ blogk
variables efinition by
definition SRR

Yes (Section 3.3)
L
Input data (——\
+ Calculation of
Definition of Is gen < 100? hourfII)c/’ xwass
typical t
meteorological (Equation (1))
periods
No *
* Y Calculation of
Technology Comparison TES thermal Yes
combinations and definition loss by
and LHS of best surrogate
stratification individual (Section 3.4)
| ) 7 !

Thermodynamic

block for TMY Power block

status
* (Equation (2))

End ‘

No

A

Annualization
and
calculation of
objective
function

. T J

- J

Figure 2. The algorithm flowchart for a typical day.

The loop inside the thermodynamic block indicated that the ORC only worked under
design conditions. When there was not enough energy for that, the hybrid field mass flow
rate was decreased to keep its temperature constant, the ORC was turned off and the energy
was stored in the hot tank. This stored energy was then used when there was enough to
run the ORC under design conditions for at least one hour.

Then, the daily result was annualized in order to calculate the objective function result
based on the lifespan of the plant.

3.2. Hybrid Solar—Waste Heat Field

Tubular heat exchangers were selected to make use of the waste heat. Their sizing was
based on the overall heat transfer coefficient (U) and the logarithmic mean temperature dif-
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ference (Typ1), see Equation (3). The overall heat transfer coefficient was calculated based on
the cold and hot side convective coefficients and the fouling resistances, as presented in [27].

Qwrir = UATmean 3)

The solar collector energy balance was related to the amount of solar energy that was
converted into thermal energy and delivered to the heat transfer fluid (HTF), see Equa-
tion (4). In this equation, myrr is the HTF mass flow rate, 7c ; is the collector thermal effi-
ciency, I is the solar irradiance and A is the collector aperture area. For non-concentrating
solar collectors, I is the global horizontal irradiance (GHI) and for concentrating collectors,
I; is the direct normal irradiance (DNI).

nelsA = myrr(hHTE out — RHTE,in) 4)

The collector thermal efficiency (¢ ) was calculated based on (i) the optical losses
due to the incidence angle, which is represented by the incidence angle modifier (IAM)), (ii)
the collector optical efficiency (17c, op¢) and (iii) the thermal energy loss, which is generally
represented by the overall heat loss coefficient (U ), see Equation (5) [7,8].

u
ey = LAMucopt — —L (Ture — Tomp) ®)
LA
The IAM and U} values depend on the specific collector and can take local wind
speed into account. The detailed formulation of these coefficients can be found in [28,29]
for non-concentrating solar collectors, in [30,31] for linear Fresnel collectors and in [32,33]

for parabolic trough collectors.

3.3. Power Block

The power block (PB) was based on organic Rankine cycle (ORC) technology. It was
optimized in terms of structure, operational condition, heat transfer fluid and working
fluid as a function of the heat transfer rate and heat source inlet and outlet temperatures,
i.e., the decision variables of the power block, its working fluid and configuration change
during optimization for each hybrid field that was tested. Four structures were considered:
(i) a subcritical ORC, (ii) a subcritical recuperative ORC, (iii) a supercritical ORC and (iv)
a supercritical recuperative ORC. Moreover, the six most commonly used commercial
working fluids (D4, R134a, R245fa, ammonia, R1233zd and SES36) [34,35] and two heat
transfer fluids (Dowtherm A and Syltherm 800) [36,37] were evaluated. Since the plate heat
exchanger dimensions and fluid velocity were also decision variables, the pressure loss
was restricted to avoid unrealistic configurations. Furthermore, due to the nature of dry
fluids, condensation could occur inside the turbine during the expansion, even when its
state at the end of expansion was superheated steam. Thus, the steam quality was assured
by dividing the expansion into 10 constant pressure drop steps and checking the quality of
the steam for each of them.

Each combination of structure, working fluid and heat transfer fluid was optimized in
terms of its operational conditions by applying the jMetalPy [26] genetic algorithm (GA)
using the decision variables and constraints that are shown in Table 2 [38]. Since the power
block model was too complex to run for each hybrid field under selection (at each loop), a
surrogate approach was used, i.e., a large number of inputs and outputs were generated
and those points were used to create a simpler function that mimicked the thermodynamic
and economic model. More details on this procedure can be found in [38].
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Table 2. Lower and upper bounds of the optimized ORC decision variables.
Variable Type Lower Bound Upper Bound
Evaporation Pressure Decision Variable 4.01325 bar 42 bar
Condensation Pressure Decision Variable 1.01325 bar Working Fluid Critical
Pressure
Turbine Inlet Temperature Decision Variable (%ondensanon Source Inlet Temperature
emperature
Recuperator Outlet_Temperature Decision Variable Condensation Source Outlet Temperature
at Cold Side Temperature
Evaporator Plate Width Decision Variable 0.3048 m 4572 m
Condenser Plate Width Decision Variable 0.3048 m 4.572m
Recuperator Plate Width Decision Variable 0.3048 m 4.572 m
Evaporator Wgrkmg Fluid Decision Variable 0.2m/s 20m/s
Velocity
Condenser qukmg Fluid Decision Variable 02m/s 20m/s
Velocity
Recuperat\(])r Working Fluid Decision Variable 02m/s 20m/s
elocity
Pinch P01'r1t Temperature Constraint 4°C R
Difference
Turbine Pressure Difference Constraint 3 bar -
Quality During Expansion Constraint 0.8 -
Heat Exchanger Pressure Drop Constraint 0 1.8 bar

3.4. Storage Tank Heat Loss

Figure 3 shows the heat loss mechanisms that were considered, i.e., radiation (r),
convection (c) and conduction (k), in each part of the tank. The ambient temperature
was available hourly and the foundation temperature was maintained below 90 °C using
a cooling system to avoid cracking, as indicated in [39]. The tank insulation thickness
followed the Petrobras technical standard N-550 [40], which relates the insulation thickness
to the tank diameter and its operational temperature. The NBR 7821 standard [41] was
used to define the thickness of the tank’s steel sheets.

QFIN M)
Insulation

CQC Tank atm osphere fQ,

@)

8"
S
HTF -
[Tir] @
Q
Insulation l_
Foundation [Tio] O

Figure 3. The TES thermal loss mechanisms (adopted from [39,42]).

The model developed was compared to the work in [43,44] and differences of between
1.0% and 27.0% were found for different operational conditions. The differences were
probably caused by the indirect methodology that was used to define the storage tank heat
loss in those works, such as the time required for the temperature of the fluid inside tank to
decrease by 1 °C and the power required to keep the fluid temperature constant. Since the
tank models had to run for each hybrid field under selection, such as for the power block, a
surrogate approach was used to replace the thermodynamic and economic model with a
simpler model that could provide similar results.
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3.5. Local Irradiance Data

A typical meteorological year (TMY) was used to compress the information of large
historical periods. The months that comprised the TMY were selected as the best represen-
tatives for the period of time that was available for assessment on the NREL website, which
is usually many years, considering the smallest Finkesltein-Schafer (FS) statistical distances
for each weather characteristic, as indicated in [45]. The same concept was applied to
define a typical meteorological day (TMD), so that the entire period could be condensed
within a typical day. It is important to stress that not only are average values important,
but the sequences of values over the hours are also essential to quantify the amount of
stored energy and the TES loss and to estimate the collector thermal efficiency and absorbed
energy. Even though the hourly irradiation of a typical day (24 h) was used to choose the
best configuration using the developed program, the final result of the chosen configuration
was calculated using all of the hours in a typical year (8760 h), which is emphasized later in
the results section.

3.6. Economic Model

The plant costs were separated into (i) capital expenditure (CAPEX) and (ii) opera-
tional expenditure (OPEX). The CAPEX represented the purchase equipment cost (PEC),
transportation, taxes and installation. The cost of all components was given according to
Equation (6), as proposed by Bejan et al. [46]. The pressure factor (fy) and material factor
(fm) were assumed to be 1 and X was the equipment capacity. The Chemical Engineering
Plant Cost Index (CEPCI) was used to correct previous quotations by taking inflation or
deflation into account. The reference cost (C,.f), reference capacity (X.r) and exponent a
were obtained using Thermoflex® [47] and System Advisor Model (SAM) [48] data. The
total PEC was obtained as a sum of each equipment cost.

4
X CEPCI
C= ﬁ‘ntfpfmcref(Xref) (CEPCIref> ©

The CAPEX was calculated as the sum of direct costs (DCs) and indirect costs (ICs).
Both direct (Equation (7)) and indirect costs (Equation (8)) were obtained from the PEC by
adding the multipliers and were expressed as a percentage of the total PEC [46]. Table 3
describes each of those coefficients.

DC = (1+ purr + prer + prp + Pic + PEEM + Pcsaw + psp)PEC ()

IC = (pgs +1)pconDC ®8)

Table 3. Cost multipliers that were used in the CAPEX calculation.

Variable Description Value Reference

PHTE HTF Costs 20% [48]
Equipment Installation o ,

PEI Costs 30% [46]

rr Piping Costs 20% [46]
Instrumentation and o )

pre Control Costs 30% (461

PEE Electrical Equipment Costs 10% [46]
Civil, Structural and o y

Pesa Architectural Costs 10% 461

PsE Service Facilities Costs 40% [46]
Engineering and o )

PEs Supervisor Costs 10% (461

PcoN Contingences 10% [46]

Equation (9) was used to determine the plant’s operation and maintenance costs
(OPEX). A fixed OPEX cost (Copex, fix) that was related to the plant’s installed capacity
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(Wpp) and a variable OPEX cost (Copgx var) that was related to the net generated energy
(Enet,year) were considered.

OPEX = Copkx, fixWPB + CoPEX,varEnet year )

4. Case Study

A typical diesel engine exhaust gas (74.7% Ny, 13.9% O,, 8.5% CO, and 2.9% H,O
on mass basis) was considered as the waste heat and Candeias (—12.73 N, —38.48 L) was
considered as the location. In order to cover different applications, the waste heat power
ranged from 100 kWt to 50 MWt and its temperature ranged from 150 °C to 350 °C. These
values were selected to meet the power block model limits [38]. Table 4 summarizes
the main characteristics of the specific collectors that were considered (user input) for
algorithm selection during optimization, aiming at the maximum internal rate of return
(IRR) (objective function selected by the user).

Table 4. Characteristics of the selected collectors.

Maximum
Collector Type Manufacturer Model Operating Reference
Temperature
Flat Plate SolarTEK ST400 208 °C [48]
. Thermomax o y
Evacuated Tube Kingspan Solar Inc. DF100-30 300 °C [48]
Linear Fresnel Industrial Solar LF-11 400 °C [49]
SkyTrough
Parabolic Trough Sl(s};I;:le(II{(ECeefilszic))r) (Reflector) 560 °C [48]
UVACS3 (Receiver)

The values of the cost multipliers are shown in Table 3. An extra internalization
factor (fi,;) of 1.2 and 2 for the power block and collectors, respectively, was considered to
cover taxes and additional structural construction costs (wind barriers, trackers, etc.). A
lifespan (Y) of 20 years, Copgx, fix and Copex,var 0f 66 USD/kWe and 4 USD/MWhe [48],
respectively, and a long-term inflation rate (77) of 3% per year [50] were considered.

Additionally, three real waste heat sources near the selected area were analyzed: two
reciprocating engine exhaust gases and a surplus of saturated steam.

5. Results and Discussion

The convergence of the genetic algorithm was tested experimentally and 100 gener-
ations were used. Nevertheless, a tool for the graphic visualization of the convergence,
i.e., generation number vs. objective function, allowed the user to infer whether there was
convergence or not. Figure 4 shows the IRR for the range of temperature and thermal
power that was considered. The use of a waste heat source, i.e., a heat exchanger to recover
the waste heat with no collectors or TES selected, was the best option for all cases, except
for 0.1 MWt of waste heat. For the case of 0.1 MWt of waste heat at 150 °C, a PTC field
and TES were selected (no use of waste heat) due to the low quality of the waste heat,
i.e., low exergy caused by low temperature. The algorithm was free to select any of the
four collectors (or combinations of the collectors) during optimization. However, probably
due to its good ratio of price to performance, the parabolic trough collector was the only
option chosen. For 0.1 MWt of waste heat at higher temperatures, the waste heat and TES
were selected without a collector. The TES was used to supply the extra thermal power
that was required by the power block, for which the minimum power input after all heat
exchanges was 0.1 MWt (see Table 1). Furthermore, the 0.1 MWt line was the only one
with technologies that were dependent on climate condition, i.e., solar collectors and/or
TES (TES heat loss depends on local temperature while solar collectors depend on local
temperature and wind velocity).
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Figure 4. The optimized IRR values.

The isolated points in Figure 4 represent the real waste heat sources near the selected
area. The saturated steam (red square at 170 °C/1.1 MWt), exhaust gas (orange triangle
at 359 °C/2.2 MWt) and the second exhaust gas (purple rhombus at 300 °C/4.8 MWt)
provided 0.13 USD/kWhe, 0.11 USD/kWhe and 0.11 USD/kWhe of LCOE, respectively, at
their optimum IRR. Only the waste heat and ORC were selected by the algorithm for these
cases. It should be noted that the saturated steam provided a high IRR, despite its low
temperature. This happened due to its higher overall heat transfer coefficient (U), which
was 3.6 times higher than the U value of the other two cases.

Figure 5 shows the response of the IRR to the electricity price for the three real cases
and for the lowest point at Figure 4. The vertical lines over the bars in Figure 5 represent
the amplitude of the IRR when the energy price increased or decreased by 50%. The
results show that, despite the variations in energy price, PTC as a single thermal source
was the best choice when the waste heat was at 150 °C and 100 kWt. The IRR remained
non-competitive though, reaching a maximum of 0% when the energy price increased.
For solar collectors, the variations in energy price caused a variation in the IRR of around
+4.7%. The waste heat sources, in turn, presented greater variations in the IRR when the
energy price decreased (—16.6% on average) compared to the variations when the energy
price increased (+11.3% on average). In these cases, when the energy price increased,
the optimization converged to a power plant that was similar to that selected under the
original price conditions, but when the energy cost decreased, the plant operational and
design variables were very different from those that were selected under the original
price conditions. This increased the power block-specific costs and decreased the plant’s
installed capacity.

Comparisons of different typical periods of time are plotted in Figure 6: (a) a com-
parison of the results of a typical day and the results of using a typical day for technology
selection and a typical year for final result, i.e., once the technology was selected using
one typical day (24 h) and it was then evaluated under the climate conditions provided
for an entire typical year (8760 h); (b) a comparison of the results of a period composed
of four typical days (one for each season) and the results of using four typical days for
technology selection and a typical year for the final result; and (c) a comparison of the
results of technology selection using a typical day and the application of a typical year to
obtain the final results and the results of using four typical days for technology selection
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and the application of a typical year to obtain the final results. The maximum difference
in the IRR in this last case was 0.3%. This meant that the selection of technology was
less sensitive to the typical period used than the final result, but a significant reduction in
computational time was obtained due to the reduction from four typical days (5.8 h) to a
single typical day (1.2 h) for the technology selection (results obtained using an i5-10400F
with 4.3 GHz, 6 cores and 12 threads).

50%

i
(@)
R

30%
20%
10%

0%

Internal rate of return (IRR)

-10%
-20%

Figure 5. The energy price sensitivity analysis.

__10% < 2.5% __10% 2.5%
é s
\ 0~
i_/ 7% 2.0% \:/ 7% 2.0%
- -
B 9 B )
T 4% 1.5% g s 4% 1.5% %
5 - 2
£ 1% 1.0% “‘D: £ 1% 1.0% “D:
- -
£ 2% =3 0.5% £ 2% 0.5%
& Te-- 2
[ c
= -5% 0.0% — 5% 0.0%
150 200 250 300 350 150 200 250 300 350
Temperature (°C) Temperature (°C)
(a) (b)
_10% 2.5%
~
o
? 7% 2.0%
=] V
T 4% 1.5% %
S -
; 1% 1.0% '.d‘qf
IS A
g 2% 0.5%
9] ---" L
= - = = - - -
= 5% * =+ 0.0%
150 200 250 300 350
Temperature (°C)
(c)
—0— TMD selection result —— Final result (TMD selection) 4 TMDs selection result
—#— Final result (4 TMDs selection) — & = Difference

Figure 6. Comparison between the IRRs of the optimized plants for (a) a single TMD and (b) four
TMDs and (c) the TMY for results for a single TMD and four TMDs.
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All in all, heliothermic technologies were still not economically competitive in the
studied cases and presented negative IRRs. On the other hand, the optimized ORCs seemed
to be very competitive, depending on the waste heat characteristics.

6. Conclusions

A comprehensive software for the economic optimization of hybrid solar-waste heat
power systems was developed in this study. The structure, sizing and operational condi-
tions were optimized in order to maximize the economic indicator (IRR, NPV or LCOE)
that was chosen by the user. While real models (thermodynamic and economic) were used
for the hybrid field components, surrogate models were used for the power block and
storage tanks so that a large number of free variables could be optimized simultaneously,
without impeditive computational burdens.

A case study using a waste heat power ranging from 0.1 to 50 MWt and a temperature
ranging from 150 to 300 °C was created and four types of solar collectors were available for
algorithm selection. PTC technology was the only collector selected. Additionally, it was
only selected for the point with the lowest power and temperature combination, i.e., 0.1
MWt and 150 °C. For all other combinations, the waste heat was the only energy source
selected. The IRR seemed to be more sensitive to a decrease in electricity price than to
an increase. The use of a typical day for technology selection while the final results were
calculated using all of the hours in a typical year proved to be a reasonable strategy to
reduce computational time (79%) without significant reductions in precision (0.3%) during
the IRR optimization.

Heliothermic technology was not economic competitive under the conditions proposed
in the case study, even when the possibility of hybridization with waste heat was present.
Optimized ORCs for waste heat recovery, on the other hand, were very competitive with
internal rates of return of 44%, 39% and 34% for 50 MWt of waste heat at 350 °C, 300 °C
and 250 °C, respectively. For the three real local waste heat considered, i.e., saturated steam
(170 °C/1.1 MWt), exhaust gas (300 °C/4.8 MWt) and the second exhaust gas (350°C/2.2
MW1), the IRRs were 26%, 30% and 30%, respectively, while the LCOE ranged from 0.11
USD/kWhe to 0.13 USD/kWhe.
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