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Abstract: In light of the intensifying global climate crisis and the increasing demand for efficient
electricity and cooling systems, the exploration of advanced power generation technologies has
become crucial. This paper presents a comprehensive analysis of Organic Rankine Cycle-Vapor
Compression Cycle (ORC-VCC) systems utilizing low-grade waste heat for the dual purpose of
electricity and cooling production. The study focuses on systems that harness waste heat below
90 °C with thermal inputs up to 500 kW. An in-house Python code was developed to calculate cycle
parameters and perform multi-objective optimization targeting the maximization of both ORC-VCC
efficiency and power output. The optimization was conducted for 10 different cases by evaluating
five working fluids across two different ambient temperatures. The analysis reveals that the optimized
system achieved an impressive overall cycle efficiency exceeding 90%, demonstrating the significant
potential of ORC-VCC technology in waste heat recovery applications. The Non-Dominated Sorting
Genetic Algorithm II (NSGA-II) multi-objective optimization approach was found to be particularly
effective at navigating the multi-dimensional solution space and identifying the global optimum.
This study provides valuable insights into system performance across a range of operating conditions
and design parameters. Sensitivity analyses highlight key factors influencing cycle efficiency and
power output. These findings have important implications for the development and deployment
of ORC-VCC systems as a sustainable and efficient solution to meet growing energy needs while
reducing greenhouse gas emissions.

Keywords: Organic Rankine Cycle; Vapor Compression Cycle; waste heat; multi-objective optimization;
Non-Dominated Sorting Genetic Algorithm II

1. Introduction

The pressing challenges posed by the climate crisis and escalating global energy
consumption call for innovative approaches to enhance energy efficiency and promote
sustainability. The rising global surface temperature is a significant determinant of future
demand for air cooling installations, as elevated temperatures directly correlate with
increased cooling requirements to maintain comfortable indoor environments. Figure 1
illustrates the real and projected global surface temperature increases from 1900 to 2100
under various greenhouse gas emission scenarios, as estimated by climate models [1].
The figure illustrates three distinct warming trajectories, designated as high growth (A2),
moderate growth (A1B), and low growth (B1), which represent scenarios based on varying
levels of fossil fuel consumption and greenhouse gas emissions. The shaded regions indicate
the variability between models and the uncertainty range of temperature predictions.
Additionally, a scenario in which CO, concentrations remain constant at 2000 levels is
illustrated. The models project that by 2100, the global average surface temperature could
increase by approximately 2 °C to over 4 °C, depending on the rate of greenhouse gas
emissions. This underscores the vital necessity of emission mitigation to restrict future
warming and the subsequent surge in energy demands for air conditioning.
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Figure 1. Projected global surface warming under different emission scenarios [1].

As illustrated in the preceding figure, the rising global temperatures are anticipated to
exert a considerable impact on the demand for air cooling installations. Figure 2 presents the
projected growth in the total number of air cooling devices from 1990 to 2050, disaggregated
by various global regions [2]. The data demonstrate a gradual increase in the uptake of air
cooling systems, particularly in the period following 2020, as a response to rising global
temperatures. The projections indicate that by the year 2050, the number of air cooling
devices in use worldwide will exceed 5.5 billion units. The United States is shown to
have a significant early adoption of air cooling devices, but, over time, there is a notable
shift towards rapid growth in China and other emerging economies, including India,
Indonesia, and the Middle East. China is projected to experience the most rapid growth,
eventually surpassing the United States by 2050. Additionally, other regions, including
the European Union, Japan, Korea, and emerging economies, such as Brazil, Mexico, and
Indonesia, are also anticipated to demonstrate a notable increase in the adoption of air
conditioning systems. The “rest of the world” category is projected to constitute a significant
proportion of the total by 2050, indicating a pervasive adoption of these technologies
across developing regions. This trend indicates that the global increase in temperature is
resulting in an elevated demand for cooling solutions, particularly in emerging markets
that previously had limited access to such technologies. These projections underscore
the growing energy demand associated with cooling and highlight the necessity of the
development of energy-efficient cooling technologies and policies to mitigate the impact on
greenhouse gas emissions.
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Figure 2. Growth in global air conditioner stock, 1990-2050.
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One method for reducing electricity demand is the utilization of waste heat, which is
generated during the majority of energy conversion processes and is frequently discarded
into the environment. To enhance process efficiencies, it is imperative to identify viable so-
lutions for the repurposing of waste heat. The bar chart (Figure 3) illustrates the distribution
of waste heat across sectors, namely transportation, residential, commercial, industrial, and
electricity generation [3]. The sectors are categorized by temperature ranges: low (less than
100 °C), medium (100-299 °C), and high (equal to or greater than 300 °C). The electricity
generation sector is responsible for the majority of low-temperature waste heat production
(88%), which presents a significant opportunity for recovery. Globally, the majority of waste
heat is classified as low-grade (63%), followed by high-grade (21%) and medium-grade
(16%). The treemap (Figure 4) provides further detail regarding the potential for low-grade
waste heat utilization across different sectors. The largest opportunity for energy recovery
is in electricity generation, with 26.21 TWh of low-grade waste heat available, followed
by the transportation sector with 7.91 TWh. The industrial, residential, and commercial
sectors contribute 3.72 TWh, 3.04 TWh, and 2.34 TWh, respectively. These figures high-
light the significant potential of energy recovery, particularly in electricity generation and
transportation, to enhance energy efficiency and reduce electricity demand.
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Figure 3. Sectoral shares in low-grade waste heat.
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Figure 4. Low-grade waste heat potentials.
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In light of these developments, thermodynamic cycles, such as the Organic Rankine
Cycle (ORC) and the Vapor Compression Cycle (VCC), have been extensively utilized in a
multitude of industrial contexts. The ORC [4,5] is primarily utilized for energy conversion,
particularly in the context of waste heat recovery, whereas the VCC [6-8] is employed in
refrigeration systems. ORC technology is a mature technology with a substantial body of
scientific literature [9,10]. Recently, the combination of these two cycles into an integrated
ORC-VCC system has attracted the attention of both academic researchers and industry
experts. This attention is a consequence of the system’s promising capability of achieving
greater energy efficiency and effective waste heat utilization. The integrated ORC-VCC
system not only streamlines the traditional configurations of each cycle but also leverages
the synergies between them. This is illustrated in the system’s elementary configuration,
depicted in Figure 5.

Low temperature

waste heat
source

. Vapor
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Rankine Cycle
Cycle
(ORC) (VCe)
\—b{ Cooling water system }4—,

Figure 5. Conception of ORC-VCC [11].

Air cooling

Analyses pertaining to ORC-VCC encompass a multitude of considerations. The
construction of the system is a key consideration, with analyses conducted on both the
inclusion [11] and the exclusion [12,13] of an ORC regenerator. Furthermore, the analyses
include calculations and comparisons of the primary parameters that define the cycle for a
single working medium [14], as well as for multiple working fluids [11-13,15]. Advanced
systems are also considered, including those comprising multiple compressors [15] oper-
ating within a single cycle (i.e., not separated) [14-17] and those powered by solar [18] or
hybrid sources [19]. Of particular significance are the analyses that present system parame-
ters for various operating parameters, with results obtained through calculation [20,21] or
experimentation [22-24].

The objective of this research is to perform a multi-objective optimization of a 500 kW
thermal input power ORC-VCC system, with a specific focus on integrating five low-GWP
refrigerants and two ambient temperatures (15 °C and 30 °C). The lower temperatures
provide insight into the potential maximum COP of the analyzed working fluids. Moreover,
this study employs a more realistic assumption regarding the condenser inlet temperature,
setting it at 30 °C. This adjustment more accurately reflects the conditions anticipated in a
warming climate for cooling applications. By incorporating a higher inlet temperature, the
model more precisely captures the operational challenges introduced by climate change,
thereby facilitating a more effective and comprehensive optimization process. In such
a scenario, we can compare the optimization results for two extreme operating temper-
atures of the system. Additionally, there is a notable absence in the existing literature
regarding the optimization of ORC-VCC system parameters, particularly with regard to the
exploration of multiple degrees of freedom and the testing of various objective functions.
The majority of studies have concentrated on a limited number of parameters, frequently
neglecting the intricate interactions between the various components of the system. This
research addresses these shortcomings by employing a comprehensive, multi-objective
optimization approach incorporating multiple degrees of freedom and evaluating a range
of objective functions.
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2. ORC-VCC Model Optimization Methodology
2.1. System Description and Parameters

The schematic of the thermodynamic cycle of the ORC-VCC system is shown in
Figure 6. The system consists of an ORC with a regenerator subsystem and a VCC subsys-
tem. The cycle was analyzed using a single working fluid while ensuring that the same
fluid was used in both the ORC and the VCC cycles throughout the study. Furthermore, the
present study incorporates the potential for electricity generation, which was not included
in the previous investigation [11]. The assumptions related to the system are detailed in
Table 1. The efficiencies of the machines were selected with a significant safety margin.
The internal efficiencies of both the compressor and the turbine were conservatively set at
80%. The assumed values are lower than those typically reported in the recent literature for
similar low-power turbomachinery.
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Figure 6. Schematic diagram of the ORC-VCC with electricity generation [11].

Table 1. Efficiency and thermodynamic assumptions of the ORC-VCC system.

Parameter Symbol Unit Value

Chilled water temperature (cold side) Tis °C 8
Chilled water temperature (hot side) T1i7 °C 12
Cooling water temperature (cold side) Ty, T1s °C 15 and 30
Heat source mass flow mg kg/s 8.5
Heat source temperature (hot side) To °C 89.3
Compressor efficiency (VCC) e - 80%
Pump efficiency (ORC) Mp - 50%
Turbine efficiency (ORC) Mt - 80%

2.2. Optimization Approach

The optimization methodology for this study integrates advanced multi-objective
optimization techniques using the pymoo library [25], a versatile Python framework for
multi-objective optimization, alongside a custom-developed code to accurately model and
evaluate the performance of a small-scale ORC-VCC system. This combined approach
enables the precise and efficient exploration of the solution space while addressing the
complexity of the system’s design parameters and objectives.

The ORC-VCC system is modeled using a custom code developed specifically for this
study. This code simulates the thermodynamic behavior of the system, thus allowing for
the evaluation of key performance indicators. The problem is formulated with 13 decision
variables that directly influence the system’s behavior, and each is bounded within specified
limits (lower bounds of 0.1 to 50 and upper bounds of 10 to 85). These variables capture
the essential parameters that affect the system’s overall performance. A detailed overview
of these variables is presented in Table 2.
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Table 2. Decision variables and their boundaries for the ORC-VCC system’s optimization.

. Lower Upper

Arg. Parameter Symbol Unit Bounds Bounds
X1 Evaporator pinch temperature difference (VCC) ATyee ev °C 3 10
X2 Degree of superheating in evaporator (VCC) ATyec_sup °C 3 10
X3 Degree of subcooling in condenser (VCC) ATyec sub °C 3 10
X4 Regenerator pinch temperature difference (ORC) ATorc_reg °C 3 15
X5 Degree of superheating in evaporator (ORC) ATorc_sup °C 3 15
Xg Degree of subcooling in condenser (ORC) AT sub °C 7 15
Xy Evaporator pinch temperature difference (ORC) ATorc ev °C 3 10
Xg Condenser pinch temperature difference (ORC) ATorc_con °C 3 10
X9 Saturation temperature in evaporator (ORC) Tigy °C 50 85
X10 Saturation temperature in condenser (ORC) Ty °C 25 55
X11 Chilled water mass flow rate (VCC) myg kg/s 0.1 30
X12 Pressure on the inlet of the compressor (VCC) P12 bar 0.1 10
X13 Condenser pinch temperature difference (VCC) ATyee con °C 3 10

The optimization process targets two primary objectives:

e  Objective Function 1: Maximizing the Coefficient of Performance (COP), a critical
measure of the system’s efficiency when converting energy input into cooling output.

chc_evaporator

f; = COP = @)

Qorc_evaporator
e  Objective Function 2: Maximizing the power netto, which is generated by the turbine
(Pturb) after accounting for the power required by the compressor (Pcomp). This ensures
that the system can deliver the highest possible net electrical performance while fully
covering the energy demand of the compressor.

f2 = Pretto = Piurb — Pcomp 2)

The optimization tasks are executed using the pymoo library, which has been selected
for its robust capabilities in addressing multi-objective optimization problems. pymoo
offers comprehensive support for a diverse range of evolutionary algorithms, including the
Non-Dominated Sorting Genetic Algorithm II (NSGA-II) [26,27], which has been utilized
in this study. The optimization tasks are executed using the pymoo library, which has
been selected on the basis of its particular suitability for the handling of multi-objective
optimization problems. Pymoo supports a range of evolutionary algorithms, including the
Non-Dominated Sorting Genetic Algorithm III (NSGA-III) [28], which is specifically de-
signed to efficiently search for and maintain a diverse set of optimal solutions. This makes
it an ideal choice for complex multi-objective problems where the trade-offs between objec-
tives need to be thoroughly explored. The algorithm was successfully applied in several
case studies, including the energy-efficient retrofit of urban residential buildings and the
sustainable renovation of commercial office spaces [29]. These case studies demonstrate the
effectiveness of the algorithm in balancing environmental, economic, and social objectives.
An additional example is the Organic Rankine Cycle (ORC) for a hybrid solar-waste energy
plant [30], whereby the integration of the ORC with solar and waste heat sources results
in enhanced exergy efficiency and elevated initial investment costs. This illustrates the
trade-off between enhanced system performance and investment expenses. Another illus-
trative example of the application of the NSGA is in the optimization of a solar-powered
combined cooling, heating, and power (CCHP) energy system with phase-change material
and water electrolysis [31]. In this application, the NSGA was employed for the purpose of
performing a thermoeconomic assessment and optimization of the system. The algorithm
simultaneously considered multiple objectives, including cost minimization, efficiency
maximization, and environmental impact reduction. By handling the complex trade-offs



Energies 2024, 17, 5566

7 of 19

between these objectives, NSGA enabled researchers and engineers to identify optimal
configurations that enhance the overall performance of the energy system. This resulted
in a design that not only improves energy efficiency but also reduces operational costs
and minimizes environmental footprints, demonstrating the algorithm'’s effectiveness in
optimizing advanced thermodynamic systems. A notable illustration of the application of
the NSGA-II is in the optimization of a Simple Organic Rankine Cycle (SORC) and a Recu-
perative Organic Rankine Cycle (RORC) system [32]. Researchers employed the NSGA-II
in conjunction with the TOPSIS method to simultaneously enhance several performance
metrics: thermal efficiency and the power output per unit heat transfer area, the electricity
production cost, the equivalent carbon dioxide emission, and the unit electricity production
cost. This application demonstrates the effectiveness of the NSGA-II at balancing multiple
competing objectives in complex energy systems.

The optimization process is initialized by defining the problem through the class,
where the custom code for ORC-VCC system calculations is embedded within the evalu-
ation function. This function is called during each iteration of the optimization to assess
the performance of each candidate solution according to the two objectives. The study
systematically examines ten cases, each defined by a different combination of low-GWP
refrigerants and cooling water temperature:

al: R1233zd with cooling water at 15 °C (Ty and Tys).
a2: R1244yd with cooling water at 15 °C (T7 and Tys).
a3: R1336mzz with cooling water at 15 °C (T7 and Tjs).
a4: R1234yf with cooling water at 15 °C (T7 and Tjs).
ab: R1234zez with cooling water at 15 °C (T7 and Tys).
a6: R1233zd with cooling water at 30 °C (T7 and Tys).
a7: R1244yd with cooling water at 30 °C (T7 and Tys).
a8: R1336mzz and 30 °C of cooling water (T7 and Ts).
a9: R1234yf and 27 °C of cooling water (T7 and Tys).
al0: R1234zez and 30 °C of cooling water (T7 and Tjs).

The objective of these cases is to examine the impact of varying refrigerant combina-
tions on the system’s performance objectives. Each case is optimized individually, thereby
facilitating a comprehensive comparison across different fluid pairings.

In each case, the NSGA-II algorithm within pymoo is configured with a population
size of 100. The algorithm employs reference directions generated using the Das—Dennis
method, thereby ensuring a comprehensive and well-distributed search across the three-
dimensional objective space. The optimization process is conducted over 100 generations,
during which the population is refined to converge on a set of non-dominated solutions that
offer optimal trade-offs between maximizing the COP and minimizing the compressor’s
pressure ratio.

The combination of the pymoo library and custom ORC-VCC system modeling pro-
vides a robust and adaptable framework for this study. pymoo’s capabilities in handling
multi-objective problems make it an ideal choice, particularly given the complex, non-
linear relationships between the decision variables and the objectives. The custom code
ensures that the thermodynamic and operational characteristics of the ORC-VCC system
are accurately captured, thus allowing for precise evaluations of each candidate solution.
This integrated approach allows for a thorough exploration of the design space, thus
leading to the identification of refrigerant combinations and system configurations that
optimize the critical objectives. The findings are expected to provide valuable insights
into the design and operational strategies of ORC-VCC systems in energy recovery and
cooling applications.

A comprehensive significance analysis is conducted to identify the key variables
influencing the performance of the ORC-VCC system. Initially, relevant features are
selected by excluding non-essential parameters to focus on the most impactful factors. Both
the input variables and the target outcomes are standardized to ensure uniformity and to
facilitate accurate comparisons. Linear regression models are then employed to assess the
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relationships between the standardized features and each target variable, including the COP,
the net power output, the cooling capacity, the pressure ratio, and the ORC efficiency. By
analyzing the absolute values of the regression coefficients, the significance of each feature
is determined, highlighting those with the most substantial effects on system performance.
The analysis is performed using Python libraries, such as pandas for data manipulation,
NumPy for numerical operations, scikit-learn for implementing the regression models, and
seaborn for data visualization.

3. Results and Discussion

The optimization process yielded 130,000 calculation outputs from 10 independent
optimization runs. Of these results, 77,516 were deemed suitable after data cleaning, with
29 key variables stored for further analysis. These optimizations, which evaluated various
system configurations and parameter settings, provided insights into the system’s behavior
and performance under different conditions, ultimately supporting the identification of
optimal solutions for the ORC-VCC system.

The distribution of decision variables offers a comprehensive understanding of the
manner in which the parameters were explored during the optimization runs (Figure 7).
The histograms demonstrate that several variables, including x1, X, x5, and x¢, exhibit a
right-skewed distribution, indicating that lower values were more frequently selected as
optimal settings. In contrast, other variables, such as x4, exhibit a more uniform distri-
bution across their ranges, indicating a less pronounced preference for particular values.
It is noteworthy that x9 and x;p demonstrate a uniform distribution, with a relatively
balanced selection across their respective ranges. In contrast, xy and xg are predominantly
concentrated around lower values, indicating a limited exploration of higher values. The
distributions of x11 and x; also indicate variability, reflecting the influence of system con-
straints. These distributions provide key insights into parameter sensitivity, highlighting
how different design variables impact system performance and where further optimization
may be possible.
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Figure 7. The frequency distribution of decision variables in the optimization runs.
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Figures 8-12 illustrate the relationship between net power output, the coefficient of
performance, and cooling generation for different refrigerants at a cooling water temper-
ature of 15 °C. The data points are color-coded, with warmer colors (red) representing
higher cooling capacities and cooler colors (blue) indicating lower capacities. The dataset,
which includes all refrigerants (R1233zd, R1244yd, R1336mzz, R1234yf, and R1234ze),
demonstrates an inverse relationship between the COP and the net power output. As
the net power increases, the COP tends to decrease, indicating a trade-off between effi-
ciency and power production. This behavior highlights the challenge of balancing both
performance metrics to achieve an optimal design. Each refrigerant displays distinctive
performance characteristics. For example, R1233zd and R1244yd exhibit relatively high
coefficient of performance (COP) values at lower power outputs, making them well-suited
to systems that prioritize efficiency over power. In contrast, R1234ze achieves higher cool-
ing generation with a balanced trade-off between COP and power, making it a versatile
option for mixed operational goals. Furthermore, the data offer insights into the maximum
cooling generation achieved for each refrigerant. Both R1233zd and R1244yd achieve a
maximum cooling generation of 400 kW, while R1336mzz reaches a slightly lower peak
of approximately 350 kW. It is noteworthy that R1234yf and R1234ze attain even higher
maximum cooling generation values of approximately 500 kW and 400 kW, respectively.
These values indicate that R1234yf has the highest cooling generation capacity among the
tested refrigerants, making it particularly suitable for applications focused on maximizing
cooling output. The data also demonstrate the variability in cooling generation across
different refrigerants. R1234yf exhibits a more uniform distribution of cooling capacities
across varying power and COP combinations, whereas R1336mzz displays a more pro-
nounced decline in cooling generation as the power increases. This comparison further
elucidates the differences in refrigerant performance, thereby guiding the selection based
on specific system requirements for cooling output, efficiency, and power trade-offs.

Figures 13-17 illustrate the relationship between the net power output, the COP, and
cooling generation for different refrigerants at cooling water temperatures of 27 °C and
30 °C. It is noteworthy that a cooling water temperature of 27 °C represents the highest tem-
perature achieved within the assumed constraints of this study. This boundary condition
emphasizes the operational challenges posed by increasing temperatures and demonstrates
the refrigerants” performance under these stringent conditions. Each refrigerant demon-
strates unique performance characteristics. For example, R1233zd and R1244yd exhibit
relatively high COP values at lower power outputs, making them ideal for applications that
prioritize efficiency over power. In contrast, R1234ze achieves higher cooling generation
while maintaining a balanced trade-off between COP and power, making it a versatile
choice for systems with mixed operational objectives. Additionally, the data offer insights
into the maximum cooling generation achieved for each refrigerant. R1233zd and R1234yf
attain a maximum cooling generation of 200 kW, while R1244yd, R1234ze, and R1336mzz
achieve slightly lower peaks, with values of approximately 175 kW, 175 kW, and 160 kW,
respectively. The data also demonstrate the variability in cooling generation across different
refrigerants. R1234yf exhibits a more uniform distribution of cooling capacities across vary-
ing power and COP combinations, whereas R1336mzz demonstrates a more pronounced
decline in cooling generation as the power increases. This comparison highlights the differ-
ences in refrigerant performance, thus aiding the selection process based on specific system
requirements for cooling output, efficiency, and power trade-offs.
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Figure 16. Relationship between COP, net power output, and cooling generation for R1224yd at 30 °C
cooling water temperature.



Energies 2024, 17, 5566

13 of 19

0.40

4
.l’ 150

0.30 1 -

0.35 1

0.25 - 125

0.20 1 - 100

COP[-]

0.15 A 75

Cooling generation [kW]

0.10 1 50

0.05 4 25

0.00

Power netto [kW]

Figure 17. Relationship between COP, net power output, and cooling generation for R1234ze at 30 °C
cooling water temperature.

Figure 18 depicts data for a cooling water temperature of 15 °C, wherein the COP
attains elevated values, reaching a maximum of approximately 1.0 for R1234ze at lower
net power outputs. The general trend illustrated in this figure demonstrates that as the
net power output increases from 0 to approximately 90 kW, the coefficient of performance
exhibits a gradual decline for all refrigerants under consideration. Among the refrigerants
tested, R1234ze consistently exhibits a higher coefficient of performance across the range of
power outputs, indicating a higher level of efficiency. The remaining refrigerants, including
R1233zd, R1244yd, R1234yf, and R1336mzz, demonstrate a comparable pattern but attain
lower maximum COP values, particularly at elevated net power outputs. This indicates
that R1234ze is particularly well-suited to attaining high efficiency at low power outputs
when operating with a cooling water temperature of 15 °C.
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Figure 18. Pareto Frontier for different fluids at 15 °C cooling water temperature.
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In contrast, Figure 19 depicts the performance of the same refrigerants at elevated
cooling water temperatures (specifically, 27 °C and 30 °C). In this instance, the maximum
COP values are markedly diminished, with a maximum of approximately 0.4. The decline
in the COP with rising net power output is more pronounced than in the 15 °C scenario.
Furthermore, the refrigerants demonstrate comparable performance across the power out-
put range, exhibiting less discernible differentiation between them than in the initial figure.
R1234yf, which attained a high COP at lower temperatures (Figure 18), exhibits diminished
efficiency at elevated temperatures, indicating sensitivity to the cooling water temperature.

0.45
© R1233zd - 30°C
0.40 B R1234yf - 27°C
# R1336mzz — 30°C
0.35 A R1224yd - 30°C
© R1234ze - 30°C

0.054

0.00 ‘ ; : ‘ ‘ ‘ ‘ ; ‘
0 5 10 15 20 25 30 35 40 45 50 55
Pretto [kW]

Figure 19. Pareto Frontier for different fluids at 30 °C cooling water temperature.

A comparison of the two figures reveals a notable discrepancy in the overall COP
values. The second figure, representing a cooling water temperature of 30 °C, exhibits a
markedly lower COP than the first figure, which depicts a cooling water temperature of
15 °C. This observation underscores the pivotal influence of the cooling water temperature
on system efficiency. Furthermore, the range of achievable power outputs is diminished in
the second figure, with a maximum of approximately 50 kW compared to approximately
90 kW in the first. This reduction in both the COP and the net power output highlights
the challenges of achieving efficient operation at higher ambient temperatures. The results
demonstrate that both the efficiency and the operational limits of the system are significantly
influenced by the cooling water temperature. Refrigerants like R1234ze are more capable of
maintaining higher COP values in favorable conditions (lower cooling water temperature).

Figures 20 and 21 illustrate the efficiency of the Organic Rankine Cycle (ORC) as
a function of the net generated power. In both figures, a similar trend is observed: the
efficiency is higher at lower power outputs and decreases as the generated power increases.
This behavior is primarily due to the increasing power required to operate the ORC system’s
feed pump. Furthermore, the system often operates at higher condensation temperatures
at increased power levels, necessitating a greater amount of heat to be rejected in the ORC
condenser. Collectively, these factors contribute to a reduction in the overall Coefficient of
Performance (COP) of the system.

Figures 22 and 23 illustrate the correlation between the coefficient of performance
(COP) and the net power output for the refrigerant R1233zd, emphasizing the impact of
the pressure ratio (Figure 22) and cooling generation (Figure 23). In the initial figure, the
color coding for the pressure ratio demonstrates a slight increase from approximately 3.85
to 4.20 as the power output rises, indicating that a higher power output may result in an
elevated pressure ratio, which could potentially diminish efficiency. In contrast, the second
figure demonstrates a more pronounced variability in cooling generation, with higher COP
values corresponding to higher cooling capacities and vice versa. A notable conclusion
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from comparing these figures is that a lower pressure ratio can be achieved with lower
cooling generation, indicating that optimizing for reduced mechanical stress may require
sacrificing cooling capacity. This observation highlights the inherent trade-offs in system
design when attempting to balance power output, efficiency, and cooling performance.
Figure 24 demonstrates the outlet pressure from the VCC compressor. For the working
fluid R1233zd, the outlet pressure remains relatively low, oscillating between 2.1 and 2.3 bar.
A comparable range of percentage deviations for this parameter is observed among the
other analyzed working fluids. This consistency in outlet pressure variations indicates a
stable performance of the VCC compressor across different refrigerants.

R1233zd — 15°C
R1244yd — 15°C
R1336mzz — 15°C
R1234yf — 15°C
R1234ze — 15°C

o> %00

ORC efficiency [%]
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Figure 20. Comparison of ORC efficiency versus net power output for various working fluids at a
cooling water temperature of 15 °C.
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Figure 21. Comparison of ORC efficiency versus net power output for various working fluids at a

cooling water temperature of 30 °C.
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Figure 22. Relationship between COP, net power output, and pressure ratio for R1233zd at 30 °C
cooling water temperature.
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Figure 23. Relationship between COP, net power output, and cooling generation for R1233zd at 30 °C
cooling water temperature.

Figure 25 provides a summary of the significance of the objective function variables,
emphasizing their correlations with key performance indicators, including the COP, the
net power output (Ppetto), cooling generation (Qcooling) the pressure ratio (PR), and ORC
efficiency (Morc). The color gradient represents the magnitude of the correlation, with
darker shades of blue indicating stronger positive correlations and lighter shades indicating
weaker relationships. The variables X9, x19, and x;1 exert the most significant influence on
system performance. In particular, x;; demonstrates a pronounced positive correlation (0.77
to 1.00) with cooling generation and ORC efficiency, indicating its pivotal role in optimizing
these metrics. Similarly, variables x9 and xjg exert a considerable influence on the net power
output, cooling generation, and the pressure ratio, with correlation coefficients ranging
from 0.48 to 0.89. These variables are of great consequence in determining both power and
efficiency outcomes. In contrast, variables x; through xg exhibit minimal correlations with
the objective functions, indicating that they exert a limited influence on overall system
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performance. The relatively low values across these variables indicate that they may not be
as critical for optimizing the COD, the power output, or the cooling capacity. Due to the
pronounced influence of decision variable x1; on the Qcqoling, an additional analysis was
conducted excluding x17. The results of this analysis indicate that variable x;g (saturation
temperature in the ORC condenser) has the most significant impact (Figure 26). Variable
xq9 directly affects the turbine’s lower expansion temperature, which consequently leads
to a greater enthalpy drop in the turbine and increased turbine power at the same mass
flow rate. Higher turbine power enables greater compressor power, ultimately enhancing
the cooling capacity. The results inform which variables exert a significant influence on
the system’s performance. This allows for more targeted optimization whereby influential
variables are given priority, thus enhancing both computational efficiency and the quality
of the optimized design.
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Figure 24. Comparison of compressor outlet pressure versus net power output for various working
fluids at a cooling water temperature of 30 °C.
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Figure 26. Influence of decision variables on cooling generation.
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4. Conclusions

This study presents a comprehensive optimization of an ORC-VCC system designed
for electricity and cooling production from low-grade waste heat, with a particular focus
on five different refrigerants and two distinct cooling water temperatures. The results
demonstrate the potential of ORC-VCC technology to achieve high efficiency, with overall
cycle efficiencies exceeding 90%. This underlines the suitability of ORC-VCC technology
for waste heat recovery applications. The optimization runs revealed significant trade-
offs between the COP, the net power output, and cooling generation. This highlights the
importance of selecting appropriate working fluids and design parameters to meet specific
operational goals.

The findings of this research demonstrate the efficacy of employing advanced multi-
objective optimization techniques, such as NSGA-II, to navigate the intricate solution space
and discern optimal trade-offs between competing objectives. The insights gained from
this study provide valuable guidance for the design and deployment of ORC-VCC sys-
tems, thereby contributing to the development of sustainable, energy-efficient technologies
capable of mitigating the environmental impact of increased cooling demands in a warm-
ing world. Future work will concentrate on the optimization of the code, which will be
extended to include the 0D design of turbochargers. Furthermore, the objective function
will be expanded to encompass key variables relevant to turbocharger design, with the
objective of enhancing the system’s performance and integration potential in a wider range
of applications.

Furthermore, the objective is to scale the technology to broader industrial applications,
with a particular focus on certain sectors, such as manufacturing, transportation, and
energy-intensive industries, where low-grade waste heat is abundant. The integration of
these systems will contribute to a reduction in carbon emissions, an improvement in energy
utilization, and the creation of cost-effective solutions for energy production and cooling.

In conclusion, the objective of this study was to develop a highly adaptable ORC-VCC
system that can be effectively implemented across diverse applications, thereby assisting
industries in their transition towards more sustainable practices. By optimizing both the
ORC and the turbocharger components, the system’s ability to maximize energy recovery
from waste heat and minimize environmental impacts can be significantly enhanced, thus
paving the way for next-generation energy solutions in a resource-constrained world.
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