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Multi-objective optimisation is drawing more and more attention in the organic Rankine cycle research
field due to its comprehensiveness in demonstrating optimum results from multiple perspectives. For this
reason, a comparative two-objective optimisation is performed on a combined organic Rankine cycle system
liquefied with geothermal among three typical distribution pressures: 1 MPa, 4 MPa and 7 MPa. Eight
operational parameters, 11 working fluids, and 16 possible configurations are included during optimisation.
The optimisation result is divided and analysed on the basis of the thermodynamic weight (W;). The results
reveal that the recuperative organic Rankine cycle configuration is preferred when W; is higher, while the basic
organic Rankine cycle configuration is preferred when W; is lower. Two typical cases are further analysed in
detail: the balanced case (W; = 0.5) and the maximum case (W; = 1). The system is able to yield the maximum
energy efficiency of 32.78% with the working fluid Propane under the maximum case with a distribution
pressure of 1 MPa. Compared to the maximum case, the balanced case is capable of achieving considerable
economic benefits while incurring minimal thermodynamic losses. When the distribution pressure is 7 MPa,
the balanced case can achieve as much as 82.94% of the energy efficiency compared to the maximum case,
requiring only 44.17% of the electricity production cost.

1. Introduction et al. [3] highlight that the incorporation of an IHX reduces irreversibil-
ity and improves efficiency. However, Li et al. [4] argue that under
certain thermal conditions, the IHX does not increase net output power

and incurs additional equipment costs. Due to the varying working

As world energy demands continue to increase, there is an increas-
ingly urgent need for renewable energy. The development of renewable

energy sources such as solar, wind, and geothermal energy is progress-
ing rapidly. Among these renewable energy sources, geothermal energy
stands out because it can provide a consistent energy source regard-
less of weather conditions, compared to other intermittent renewable
energy sources such as solar and wind. For low-grade heat sources,
such as geothermal energy, the conventional water-based Rankine cycle
faces challenges in recovery. Organic Rankine cycles (ORCs) are consid-
ered one of the most effective methods for harnessing low-grade heat
sources [1].

Regarding the ORC configuration, the basic ORC configuration
which includes an evaporator, a turbine, a generator, a condenser, and
a pump, is the simplest one. Starting from this configuration, by adding
an internal heat exchanger (IHX), the heat of the turbine discharge
flow can be re-utilised to preheat the compressed working fluid before
entering the evaporator. Saleh et al. [2] reveal that the use of an IHX
improves thermal efficiency, particularly for high-boiling substances
with overhanging saturated vapour lines in subcritical processes. Hung

* Corresponding author.
E-mail address: alberto.benato@unipd.it (A. Benato).

https://doi.org/10.1016/j.enconman.2025.119554

conditions between different studies, the results of these investigations
cannot be directly compared. Therefore, it is necessary to include
different configurations in the optimisation process, as highlighted
by Pezzuolo et al. [5] and Redjeb et al. [6]. There are also other
configurations, such as the trilateral flash cycle, the Kalina cycle, and
the partial evaporation cycle but, all of them, are characterised by high
complexity and costs. Note that the expansion process within the two-
phase region can lead to the formation of wet steam, which contains
liquid droplets. These droplets can impinge on turbine blades, thereby
affecting their lifespan and increasing maintenance costs. Hence, the
trilateral cycle and the partial evaporation cycle are not commonly
applied in ORC and have not been taken into account in this study,
as well as both the ORC environmental impact and its machines design
(see e.g. Refs. [7-9]).

Regarding the cold source of an ORC, water is frequently used as a
cooling source in power generation systems due to its convenience [10].
However, minor temperature differences relative to the heat source
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Nomenclature

Abbreviations

AUX Auxiliary heat exchanger

DEC Direct expansion cycle

DNI Direct normal irradiance

IHX Internal heat exchange

LNG Liquefied natural gas

NBPT Normal boiling point temperature

NG Natural gas

ORC Organic Rankine cycle

PPTD Pinch-point temperature difference

PSO Particle swarm optimisation

PTC Parabolic-trough collector

TOPSIS Technique for Order Preference by Similar-
ity to Ideal Situation

Symbols

AT Temperature difference [K]

n Efficiency [%]

T Time interval [h]

A Heat transfer area [m2]

c Specific heat capacity [J kg~! K~1]

G Irradiation [W m—2]

h Specific enthalpy [J kg~']

M Mass flow rate [kg s~1]

P Power [W]

0] Heat [W]

q Quality [-]

S Entropy [J K™1]

T Temperature [K]

U Overall Heat Transfer Coefficient [kW m~2
K]

Subscripts

amb Ambient

b Beam

c Critical

cf Cold fluid

col Solar collector

con Condenser

cond Condensation

dis Distribution

eva Evaporator

evap Evaporation

hf Hot fluid

hs Heat source

HX Heat exchanger

i State i

in In, inlet

iso Isotropy

lead to a low efficiency [11]. Using a low-temperature cold source,
such as liquid natural gas (LNG), can further enhance the efficiency. In
recent years, research on ORC systems that use LNG has focused mainly
on optimising system configurations and selecting suitable working
fluids. Zhang et al. [12] examined a hybrid steam Rankine cycle (SRC)
and ORC system designed for cold climates, determining that ammonia
and R600 are the most effective for achieving significant increases in

out Out, outlet

pin Pinch-point

pri Primary fluid
pu Pump

sec Secondary fluid
sol Solar

sub Subheat

sup Superheat

sys System

tit Turbine inlet temperature
tur Turbine

u Usable

wf Working fluid

net power, with results influenced by the temperature of the condenser
outlet. He et al. [13] introduced a new LNG cold energy cascade
utilisation system that integrates cryogenic energy storage, organic
Rankine cycles, and direct cooling, resulting in a 22.48% increase in
net power and a 5.17% improvement in exergetic efficiency relative to
a baseline system, underscoring its scalability for large-scale cryogenic
storage. Domingues et al. [14] proposed an innovative LNG regasifica-
tion and power generation system using a two-stage cascade Rankine
cycle with ternary mixtures as working fluids and seawater as heat
source, achieving thermal and exergy efficiencies of 23.7% and 79.18%,
respectively. Choi et al. [15] optimised a LNG regasification ORC
under spatial constraints, emphasising the importance of heat duty and
conductance allocation, and concluded that maximising the evaporator
heat exchanger size ensures superior system performance for a given
total conductance. Zhang et al. [16] propose a combined system using
LNG exergy that demonstrates higher net power output and lower
investment costs compared to separate systems. Wei et al. [17] high-
light that maximising the utilisation of LNG exhaust heat significantly
enhances the net power and efficiency of the ORC system. However,
although these studies investigated the ORC-LNG system from various
perspectives, they only examined LNG at a single distribution pressure.
It should be noted that the LNG distribution pressure, which is corre-
lated with its application, can range widely from 0.6 to 8.5 MPa [18].
Given these significant disparities in distribution pressures in different
applications, such variations should also be considered.

For the combined ORC-LNG system, optimisation generally serves
as an important approach to identify the ideal operational parameters,
working fluids, and system configurations for an ORC system. In the
literature, there are several works dealing with combined ORC-LNG
system optimisation. Sun et al. [19] performed optimisations of the
two-stage Rankine cycles under varying heat source temperatures and
natural gas (NG) distribution pressures. The results indicated that the
two-condensation Rankine cycle achieved a maximum efficiency of
30.54% at a heat source temperature of 200 °C and a distribution
pressure of NG of 3 MPa, using ammonia as the working fluid. Yari
et al. [20] conducted an optimisation comparative study among six
different geothermal cycles to evaluate their performance and effi-
ciency. The highest first law efficiency of 15.35% was achieved by
the binary cycle with the regenerative ORC with an internal heat
exchanger, using R123 as the working fluid. Although the above studies
have included a comparison of various combined ORC configurations,
optimisation under different configurations is conducted separately and
compared afterwards. Such a method will be extremely time-consuming
when system configuration becomes more complex. In addition, there
are studies that have investigated the combined geothermal-LNG ORC
system. Mosaffa et al. [21] conducted a comparison study between four
different combined geothermal-LNG cycles. The study finds that the
regenerative system has the highest energy efficiency, while the system
with an internal heat exchanger has the highest exergy efficiency. The
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simple system is the most cost-effective. Ghaebi et al. [22] proposed
a new trigeneration system that integrates the generation of cooling,
heating and electricity, using geothermal energy as a heat source and
LNG as a heat sink. Emadi et al. [23] proposed a geothermal-LNG ORC
energy system for power, cooling and hydrogen production, achieving
43% exergy efficiency, 10.69 MW net power, 6.09 MW cooling and
204.77 kg h~! of hydrogen production. Parikhani et al. [24] proposed
a new geothermal-based multigeneration system, using LNG for cold
energy recovery to simultaneously produce cooling, heating, power and
hydrogen. The best efficiencies of the system are found to be 62.74%
for thermal energy, 33.82% for exergy, and the total cost is 125.4 $
GJ~1. Further testing shows that energy efficiency can be improved by
adjusting certain parameters, such as the vapour generator pressure and
evaporator temperature, or lowering others, such as the mass extraction
ratio and the geothermal inlet temperature. However, although up
to nine optimisation parameters were included during optimisation,
no comparative study was conducted with different ORC combined
configurations.

In terms of the number of optimisation goals, single-objective op-
timisation has been widely used to optimise the ORC system’s per-
formance. The goal is often maximisation of the net power output
of the ORC cycle [25,26], the thermal efficiency [27-29], or the ex-
ergy efficiency [19,30,31]. However, in many cases, ORC systems
have multiple conflicting metrics, such as maximising power output
and minimising total equipment costs, and they frequently exhibit a
significant interplay in practical scenarios. In such a case, the single-
objective optimisation technique cannot provide an optimum solution
that satisfies all the objectives. Hence, there are fewer studies on the
combined geothermal and LNG systems using the two-objective opti-
misation method compared to the single-objective optimisation study.
Moreover, only a few operational parameters are included during opti-
misation. Table 1 enumerates the operational optimisation parameters
in research papers that focus on ORC using LNG as a cold source. Owing
to its complexity, the combined ORC-LNG system encompasses a total
of 8 parameters. Nevertheless, the majority of studies only included a
subset of these during optimisation, leading to suboptimal accuracy.
Moreover, most of the literature only considers a single NG distribution
pressure. Since the optimisation results are closely related to the NG
distribution pressure, it is necessary to perform an experience under
different NG distribution pressures.

To bridge the aforementioned gaps, this study conducted a compar-
ative two-objective optimisation study on a combined geothermal-LNG
ORC under three typical distribution pressures: 1 MPa, 4 MPa, and
7 MPa. The study aims to (1) determine and compare the optimal
operational parameters, working fluids and configurations of the system
under each NG distribution pressure. (2) Speed up the total time cost
by including different configurations within each optimisation process.
In the optimisation, both thermal and economic metrics are taken into
account. (3) Investigate the impact of weight variation on the optimal
solution. Eight critical operational parameters are incorporated as the
optimisation variables. In addition, during the optimisation process, 11
commonly used working fluids screened and up to 16 different com-
bined ORC configurations are included. To the authors’ understanding,
there has rarely been a multi-objective study with such a multitude
of optimisation parameters and configurations. This research integrates
practical considerations of three typical NG distribution pressures and
different weights into the ORC design phase, offering an expansion
of available options and an improvement in solution reliability for
decision makers.

2. Methods

The studied case layouts are presented in Section 2.1, while the
details of the mathematical model are provided in Section 2.2. Sec-
tion 2.3 provides information on working fluid candidates. The opti-
misation method and the sensitivity analysis of operational parameters
are described in Sections 2.4 and 2.5, respectively.
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2.1. Study case description

The geothermal-LNG combined ORC system study case includes 3
parts, the geothermal heat source, the ORC system, and the DEC system.
Fig. 1 provides (a) the schematic diagram and (b) the T-s diagram
of the study case. The essential ORC comprises four primary parts: a
pump, a turbine, an evaporator, and a condenser. Initially, the working
fluid undergoes pressurisation in the pump and then gathers thermal
energy from the geothermal water in the evaporator. Once heated and
pressurised, the working fluid proceeds to the turbine for expansion.
Subsequently, the working fluid undergoes condensation within the
condenser, returning to a liquid state in preparation for the next
circulation. By adding an optional additional component Internal heat
exchanger (IHX), the basic ORC can be converted to the recuperative
ORC. The IHE component enables the working fluid that leaves the
pump to take advantage of the remaining heat of the working fluid
after expansion.

In DEC, LNG is first pressurised in the pump before being sent to
the condenser to absorb heat from the working fluid. Then, NG will
be heated by geothermal water in the auxiliary heat exchangers (AUX)
before being expanded to the distribution pressure in the turbine. After
that, the heated NG undergoes expansion to match the turbine’s dis-
tribution pressure. Geothermal brine is extracted from the production
well, first used to heat the ORC working fluid, then used to heat
supplemental LNG, and finally returned to the reinjection well.

The implementation of the mathematical model is in MATLAB
environment. Data on working fluids are extracted from the REFPROP
9.1 database, which serves as a reference for the thermodynamic and
transport properties of fluids, developed by the National Institute of
Standards and Technology (NIST). The operational assumptions are as
follows.

» The system is deemed to be in a stable state.

+ The heat exchangers and the tubes have negligible pressure drops
and heat losses.

» LNG is assumed to be pure methane.

The foundational system operating parameters are comprehensively
detailed in Table 2.

2.2. Mathematical model

In this section, the mathematical models employed to analyse the
system are presented. The models are divided into two parts: ther-
modynamic and economic, which are detailed in Section 2.2.1 and in
Section 2.2.2, respectively.

2.2.1. Thermodynamic model

As listed in Table 3, the conservation equations for mass and energy
form the cornerstone of the development of thermodynamic models.
The differences between actual processes and ideal isentropic processes
are adjusted by the pump and turbine isentropic efficiencies. There
are two kinds of heat exchanger model, namely the basic model (for
IHX, AUX1, and AUX2) and the pinch point model (for EVA and CON).
For heat exchangers without phase change, the basic model is applied
because it complies only with the law of energy conservation. For
phase-changed heat exchangers, the pinch-point model is adopted.

In terms of the thermodynamic optimisation objective, The energy
efficiency is calculated by:

P,

sys

flen = @
en QG

where Py is the system net work output and Qg is the input energy of

the geothermal brine:

Psys = Ptur,RC + Ptur,NG - (Ppu,RC + Ppu,NG + Ppu,hs) (2)

QG = Mhs : (hhs,in - hhs,out) (3)
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Table 1

Comparison of studies on combined ORC-LNG system with the present study.
Reference Tevap Teond Tt ie T it PPT Deyy PPT Doy Ping € Pyis(MPa)
Han et al. [32] v v v X X X X X 3
Badami et al. [33] v v X X v v v X 7
Ferreira et al. [34] v v v v X X v X 8.2
Emadi et al. [18] v X X X v X v X 3
Mehrenjani et al. [35] X v X X X v v X 0.3
Sadreddini et al. [36] v v v X X X X X 4
Pan et al. [37] v X X X X X v X 0.8
Sun et al. [38] v v v X X X v v 3/8
This work v v v v v v v v 1/4/7

G1
T | PPTDeva

Production
Well -~ G3
G Nes " 'Ngé
G4 ' L
L Ng5
7N\ | Ng2 - u Pdis
(= »
PUMP1 S ) LNG
= PUMP2._INg1 sl Re-injection Ngf
Well
S
(a) (b)
Fig. 1. The schematic diagrams and T-s diagrams of the studied system.
Table 2
The basic working conditions of the system.
Term Parameter Value Unit
Geothermal brine Inlet temperature 165 °C
Outlet temperature limit 75 °C
LNG Storage temperature -162 °C
Storage pressure 0.1 MPa
Distribution temperature 25 °C
Distribution pressure 1/4/7 MPa
Device [21] Pump isentropic efficiency 90 %
Turbine isentropic efficiency 85 %
Environment Environmental temperature 25 °C
Environmental pressure 0.1 MPa
Overall heat transfer coefficient [21] Evaporator 0.85 kW m2 K!
Condenser 0.25 kW m-2 K1
Internal heat exchangers 0.3 kW m~2 K!
Auxiliary heat exchangers 0.2 kW m—2 K!
Table 4
Table 3 Exergy destruction rates of the main devices.
Thermodynamic models of the main devices. -
Components Equations
Components Equations
(Mpuiso=hpuin) Pump Ipu=Ppu_(E0ul_Ein)
Pump hpu,out = hpu,in + pynr‘i\lp" Ppu = Mpu (hpu,out - hpu,in) Turbine Ty = Eiy = Eqye — Pour
Turbine hmx,oul = htur,in - (hlur,in - hlur,iso) Nurs Prar = Mpu (hmr,in - hlux,oul) Heat exchanger Tux = My (E}‘“"‘ - Ehf""“) — My (ECfr"“t - ECU“)
Mw hw,aul”'w.cva
Evaporator Toopin = Tuteva + AT cvgs Mg = elltenlren)
Mt hc,oul ef,in
Condenser Tetout = Thein — ATpin,cons Mue = W ) .
mo for each of these components, which are calculated using Eq. (4) (see
AUX My (hhf,in - hhf,out) =M (hcf,nut - hcf,in) bl
IHX o = P~ Table 4).

Dngin=hegin

2.2.2. Economic model

In terms of the thermodynamic optimisation objective, Electric-
ity production cost (EPC) is a commonly used index to access the
component’s cost in an ORC system. Investment costs for an ORC
system are divided among the heat exchanger, pump, and turbine.
Turton [39] outline the fundamental purchasing costs, denoted as Cp,

Regarding the heat exchanger, pump and turbine, the parameter
Y represents the heat exchange area, input work, and output work,
respectively. Empirical coefficients K1, K2, and K3 are enumerated in
Table 5.

logC, = K| + K, -logY + K - (log ¥)? (C))

The output work of the turbine or the input work of the pump is
determined by the aforementioned thermodynamic models. The table
referenced as Table 2 displays the heat transfer coefficients for various
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Table 5

Cost parameters of each component in the system.
Component Heat exchanger Pump Turbine
K, 4.3247 3.3892 2.7051
K, —0.3030 0.0536 1.4398
K, 0.1634 0.1538 -0.1776
C, 0.03881 —0.3935 /
C, -0.11272 0.3957 /
C; 0.08183 0.002626 /
B, 1.63 1.89 /
B, 1.66 1.35 /
Fy 1.75 2.30 /
Fym / / 3.50

components, and the calculation of the heat exchange area is as follows:

4= 2 )
U - AT,
where the log mean temperature difference can be calculated by:
_ ATmax - ATmin
ATy, = IT"““ (6)
n ( AT min )

The base cost Cp should be adjusted based on each particular com-
ponent. The modified investment cost Cyy, is determined by Eq. (7). The
turbine’s Fg); values are listed in Table 5, whereas the corresponding
values for other components can be derived from Eq. (8).

Cem = Cp - Iy %)

where Fy;, denoting the material correction constant, is enumerated
in Table 5, while F,, the pressure correction coefficient, is calculated
using Eq. (9).

Fgy =B+ By Fy - Fp ®

log F, =C; +C, -log P + C;5 - (log P)? ()]

where B, B,,C|, C,,C; are coefficients listed in Table 5.

The monetary statistic is presented in US dollars. Taking inflation
into account, the adjusted investment cost C,; is derived using Eq. (10),
based on the chemical engineering plant cost index (CEPCI).

Crot = (Z CBM>]9% - CEPCly;6/CEPCl 995 (10)

where CEPCI, gy, is 382 and CEPCl, 4 is 542.
Furthermore, considering a 5% annualised interest rate and a 20-
year lifespan for the device, the capital recovery factor (CRF) is derived
in Eq. (11).
(L)

CRF =
a1+ -1

(€8]

Finally, the EPC for the entire system is determined using Eq. (12).
The operating and maintenance costs (COM) represent 1.5% of the total
capital investment in the system, and the annual operating duration of
the system is 7000 h.
CRF - C,, + COM

Top *Whet

EPC = 12)

2.3. Working fluid selection

The performance of the system is largely determined by the working
fluids used. The appropriate working fluid ought to be eco-friendly.
Consequently, the desired working fluid should be non-(or low)toxic,
combined with zero ozone depletion potential (ODP) and a global
warming potential (GWP) of less than 100. Furthermore, to prevent the
ingress of air into the system due to condensation occurring beneath
ambient pressure, the fluid’s normal boiling point temperature (NBPT)
is restricted to be below 25 °C. Based on the aforementioned criteria,
ten common substances have been chosen as the working fluids, with
their physical properties detailed in Table 6.
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2.4. Optimisation method

There are in total eight operational parameters, 11 working flu-
ids and 16 possible configurations to optimise as shown in Fig. 2.
Traditional heuristic optimisation methods necessitate individual opti-
misation for each configuration and working fluid combination, which
is highly time-consuming, especially for multi-objective optimisation.
In this paper, the OSO method is employed, where all configurations are
included within each optimisation by dynamically adding components
based on the key parameters, significantly reducing the number of
optimisations required. An innovative strategy is used to refine the
configuration settings in each particle with each iteration by adding
optional components: IHX, AUX1, TUR2, and AUX2. In the ORC cycle,
the configuration can change from the basic ORC configuration to
the recuperative ORC configuration by adding an IHX component.
This transformation is linked to the optimisation of the effectiveness
parameter, which determines how much heat is transferred in the IHX.
In the DEC cycle, natural gas is heated in AUX1, an auxiliary heat
exchanger, when its temperature is below the turbine inlet temperature.
Subsequently, it experiences expansion in the TUR2 turbine if the dis-
tribution pressure exceeds the natural gas distribution pressure. Finally,
AUX2, another auxiliary heat exchanger, heats the natural gas if its tem-
perature falls short of the distribution temperature requirement. The
0OSO method employed has been described in detail in Ref. [40]. Hence,
other details such as the particle update method and global leader
selection have been omitted for the conciseness of this paper. The
computational time for the combined ORC system at each distribution
pressure is approximately 5 h.

There are several decision-making approaches in multi-objective
optimisation, including TOPSIS, LINMAP, and Shannon Entropy. Com-
pared to LINMAP, TOPSIS takes into account both the best and the
worst feasible points and is more straightforward to implement than
Shannon Entropy. Therefore, TOPSIS is used to select the final so-
lution on the Pareto frontier. In the TOPSIS method, a weight is
assigned to each objective, reflecting its relative importance [41]. For
the two-objective optimisation in this study, the thermodynamic and
economic weights are complementary, with the sum of the thermo-
dynamic weight (energy efficiency) and the economic weight (EPC)
equalling 1. Hence, only thermodynamic criteria are considered when
the thermodynamic weight is set to 1, and economic criteria are ig-
nored. Conversely, when the thermodynamic weight is set to 0, ther-
modynamic criteria are ignored and only economic criteria are consid-
ered. Moreover, thermodynamic and economic performance are treated
equally when the thermodynamic weight is set to 0.5.

2.5. Sensitivity analysis

Eight operational parameters including evaporation and condensa-
tion temperatures, the effectiveness of the internal heat exchanger, the
pinch-point temperature differences of the evaporator and condenser,
the working fluid turbine inlet temperature, the NG turbine inlet tem-
perature, and the LNG regasification pressure have been included as
variables in the optimisation. The limits and constraints of each opti-
misation variable for the combined geothermal-LNG ORC system are
listed in Table 7.

A sensitivity analysis is conducted to assess their influences on
the thermodynamic metric energy efficiency and the economic metric
EPC. Table 8 lists the typical values of the parameters studied and
their variation ranges (20% around the typical value). The effects of
these parameters on the thermodynamic energy efficiency metric and
the economic energy consumption metric of the system are shown in
Fig. 3(a) and (b), respectively. The analysis reveals that, across the
studied parameter range, a higher condensation temperature, work-
ing fluid turbine inlet temperature, and LNG regasification pressure
result in improved energy efficiency, while the EPC shows different
trends. Specifically, the EPC reduces for the condensation temperature,
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Table 6

The physical properties of the studied working fluid.
Name Triple point Normal boiling Critical Critical pressure ODP GWP

temperature (°C) temperature (°C) temperature (°C) (MPa)
Ammonia —77.655 -33.33 132.25 11.33 0 3.3
Butane —138.255 —0.49 151.975 3.80 0 4
Ethane -182.782 —88.58 32.172 4.87 0 5.5
Ethylene -169.164 -103.77 9.2 5.04 0 4
1butene —-140.75 -7.00 144.94 4.01 0 2
Isobutane -159.42 -11.75 134.66 3.64 0 3
Propane —-187.625 -42.11 96.74 4.25 0 5
Propylene —-185.197 —47.62 91.061 4.56 0 20
R1234ze —-104.53 -18.97 109.363 3.63 0 6
R1234yf -53.15 -29.49 94.7 3.38 0 4
R161 -143.15 -37.55 102.1 5.01 0 4
8 parameters T evap T cond &
11 working fluids Ammonia Butane R161

16 configurations Configuration 1

Configuration 2

Configuration 16

Fig. 2. The operational parameters, working fluids and configurations for optimisation.

Table 7
Boundaries and constraints of the optimisation parameters.

Term Lower bound Upper bound Constrains

Tevaps Teond NBPT Min (0.99 * T¢, Tyyg ) Tevap > Teond> Tevap < Thsyin

wa,m NBPT Ths,in -5°C wa,tit > Tevap

Ty it NBPT Max (Tg — 5 °C, Tgyo — 5 °C) Tyt = Thgz

Py Distribution pressure 15 MPa -

PPTD 5°C - -

Effectiveness 0 Te > T, +5 °C

Table 8 3. Results and discussion
The typical condition for sensitivity analysis.
Parameters Unit glputal ]1;21‘:; ggfﬁ; Two-objective optimisations are performed for the combined
geothermal-LNG ORC system under three typical natural gas distribu-

Heat source temperature c 165 B - tion pressures: 1 MPa, 4 MPa, and 7 MPa for comparison
NG distribution pressure MPa 8 - - : ’ ’ .
Working fluid - Butane - -
Evaporation temperature °C 70 56 84 3.1. Optimisation results
Condensation temperature °C -20 -16 -24
LNG regasification pressure MPa 8 6.4 9.6 . L. L. .
Working fluid turbine inlet ~ °C o5 76 114 The result obtained from the two-objective optimisation is presented
temperature and the results are further analysed in terms of effectiveness and
NG turbine inlet °C 30 24 36 working fluid.
temperature
Evaporator PPTD °C 60 48 72
Condenser PPTD °C 20 16 24 3.1.1. Optimum objective
Effectiveness - 0.1 0.08 0.12 The optimisation results under three typical distribution pressures

increases for the inlet temperature of the working fluid turbine, and
first increases and then decreases for the regasification pressure of LNG.
Energy efficiency exhibits an initial increase followed by a decline as
the evaporation temperature increases, with the maximum efficiency
occurring in the middle. A similar but less significant trend is shown
when the inlet temperature of the NG turbine increases. As the PPTD
and effectiveness of the condenser increase, both energy efficiency and
EPC decrease. However, for the evaporator PPTD, energy efficiency
decreases whereas EPC increases.

are aggregated and displayed in Fig. 4(a). The optimised solutions
constitute the Pareto frontier and the different symbols denote different
distribution pressures. The ideal point at each distribution pressure
is marked with a red circle. Under each distribution pressure, energy
efficiency is positively correlated with EPC, with an increase in energy
efficiency resulting in a corresponding rise in EPC. However, its extent
varies in relation to the distribution pressure. Specifically, as the distri-
bution pressure decreases, the degree to which the EPC increases with
energy efficiency decreases progressively, and the system is capable
of achieving a higher maximal energy efficiency while simultaneously
achieving a relatively lower minimum EPC. In other words, with equiv-
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Fig. 4. (a) The optimum results under three distribution pressures 1 MPa, 4 MPa and 7 MPa; (b) Different decision optimum solutions based on the thermodynamic weights from

0 to 1 under three distribution pressures 1 MPa, 4 MPa and 7 MPa.

alent levels of energy efficiency, a lower distribution pressure yields a
reduced EPC, which indicates superior economic performance.

Moreover, the results are divided on the basis of the thermodynamic
weight to further analyse the optimisation results. Optimal solution de-
cisions under different thermodynamic weights are shown in Fig. 4(b).
The effects of different thermodynamic weights and distribution pres-
sures on energy efficiency and EPC are shown in Fig. 5(a) and (b),
respectively. The maximum energy efficiency increases with the de-
crease in the distribution pressure. Under each distribution pressure,
the system attains its maximum energy efficiency when the thermody-
namic weight is 1. The maximum energy efficiency of 32.78% with the
EPC of 0.013 $ kWh~! is achieved when the thermodynamic weight is 1
and the distribution pressure is 1 MPa. Although both energy efficiency
and EPC increase as the thermodynamic weight increases, their trends
are different. As the thermodynamic weight increases, the energy effi-
ciency increases approximately linearly. This is particularly noticeable
when the thermodynamic weight is greater than 0.3. However, the
EPC initially experiences a moderate increase as the thermodynamic
weight increases. Subsequently, its growth rate gradually intensifies.
This pattern becomes more evident with higher distribution pressure,
which indicates a higher economic cost.

3.1.2. Optimum effectiveness

The optimisation results in the form of effectiveness are shown
in Fig. 6(a), where different colours and markers represent different
effectiveness values. The ideal point at each distribution pressure is
marked with a red circle. At distribution pressures of 1 MPa or 4
MPa, higher effectiveness is linked to higher energy efficiency. How-
ever, at a distribution pressure of 7 MPa, the average effectiveness
is significantly lower compared to 1 MPa and 4 MPa. The optimal
effectiveness situation at different thermodynamic weights under three
distribution pressures is shown in Fig. 6(b). The effectiveness of O,

corresponding to the basic ORC configuration, is preferred when the
thermodynamic weight is low, indicating that there is a greater em-
phasis on the economic metric, whereas the effectiveness greater than
0, corresponding to the recuperative ORC configuration, is preferred
when the thermodynamic weight is high, indicating that there is a
greater emphasis on the thermodynamic metric. Specifically, when the
thermodynamic weight is less than 0.5, the effectiveness under all
distribution pressures remains at 0, indicating that the basic ORC is the
optimum configuration. As the thermodynamic weight increases, the
effectiveness increases to greater than 0 indicating that the recuperative
ORC is the optimum configuration. At distribution pressures of 1 MPa
and 4 MPa, the maximum effectiveness occurs when the thermody-
namic weight reaches 1, with only a minor difference between them.
However, when the distribution pressure is 7 MPa, the effectiveness
decreases as the thermodynamic weight approaches 1.

3.1.3. Optimum working fluid

The optimisation results in the form of the working fluid under
three distribution pressures are shown in Fig. 7, where the different
working fluids are represented in different colours and markers. The
ideal point at each distribution pressure is marked with a red circle.
Although a total of 11 working fluid candidates are included during
optimisation, only four of them are shown in the optimisation results.
For distribution pressures of 1 MPa and 4 MPa, their Pareto frontiers
comprise the same working fluid of isobutane, propane, and propylene.
However, the disparity lies in the positioning of isobutane. Specifically,
isobutane is the optimum working fluid in the region of higher energy
efficiency and EPC when the distribution pressure is 4 MPa, whereas
isobutane occupies the region of lower energy efficiency and EPC when
the distribution pressure is 1 MPa. For a distribution pressure of 7
MPa, the Pareto frontier comprises four working substances, with the
addition of R1234yf.
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Fig. 7. The optimisation results in the form of working fluid under three distribution
pressures 1 MPa, 4 MPa and 7 MPa.

Table 9 lists the optimum working fluids at different thermodynamic
weights under three distribution pressures. In most weight scenarios,
Propylene and Propane stand out as optimal working fluids. Although

propylene emerges as the optimal working fluid in all three distri-
bution pressure conditions when the thermodynamic weight is 0.3,
the optimum working fluids in the three distribution pressures are
not always the same. When the distribution pressure is 4 MPa, the
optimal working fluids change from Propylene to Propane and finally to
isobutane as the thermodynamic weight increases. Whereas when the
distribution pressure is 7 MPa, propylene and R1234yf replace propane
within the thermodynamic weight intervals of 0.4 to 0.5 and 0.6 to
0.8, respectively. When the distribution pressure is 1 MPa, although the
types of optimal working fluids are the same as when the distribution
pressure is 4 MPa, their order is reversed. As the thermodynamic weight
increases, the optimal working fluids are isobutane, propylene, and
propane, respectively.

3.2. Optimum results comparison

Two typical conditions are presented and compared: the balanced
case (W; = 0.5) where thermodynamic and economic performance
are treated equally and the maximum case (W; = 1) where only
thermodynamic performance is considered, denoted in Fig. 8. The two
cases are compared in terms of optimum parameters and optimum
objectives.

3.2.1. Optimum parameter comparison

The optimum configurations and T-s diagrams of the balanced case
(W, = 0.5) under the distribution pressures 1 MPa, 4 MPa, and 7 MPa
are shown in Fig. 9, respectively.
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Table 9
The optimum working fluids at different distribution pressures under various thermodynamic weights.
Py Wi 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1 MPa Isobutane Isobutane Isobutane Propylene Propylene Propylene Propylene Propylene Propylene Propane Propane
4 MPa Propylene Propylene Propylene Propylene Propane Propane Propane Propane Propane Isobutane Isobutane
7 MPa Propylene Propylene Propylene Propylene Propylene Propylene R1234yf R1234yf R1234yf Isobutane Isobutane
increases to 7 MPa, the NG temperature at the turbine outlet already
0.04 - 7 MPa meets the distribution temperature requirement, thus eliminating the
i need for the AUX2 auxiliary heat exchanger for additional heating.
0.035 - In terms of the pinch-point temperature difference (PPTD), the PPTD
position in the evaporator is consistently observed at the turbine inlet,
0.03 - while in the condenser, the PPTD position is uniformly observed at the
s 4 MPa exit of the subcooling section. Moreover, the inlet temperature of the
§ 0.025 |- turbine consistently reaches its upper limit, which entails the smallest
; PPTD and helps to achieve a higher energy efficiency. For the same
Q 002 reason, the condensation temperature consistently reaches the lower
= boundary of the NBPT for each working fluid, although the optimal
0.015 - 1 MPa working fluid varies under different distribution pressures. In addition,
—— the PPTDs in the balanced case are much larger than those in the
0.01 M maximum case.
0.005 L L L L L L L L L !

14 16 18 20 22 24 26 28 30 32 34
Energy efficiency (%)

Fig. 8. Two typical conditions: the balanced case (W; = 0.5) and the maximum case
(W; = 1) under three distribution pressures 1 MPa, 4 MPa and 7 MP.

For three distribution pressures, the optimal configurations exhibit
substantial similarities. For example, all optimal ORC systems are basic
ORC configurations. Moreover, the condensation temperature consis-
tently reaches the lower boundary of the normal boiling point tem-
perature (NBPT), although the optimal working fluid varies under
different distribution pressures. However, the optimal configurations of
their DEC subsystems are different. For example, when the distribution
pressure reaches 1 MPa, both the TUR2 NG turbine and the AUX2
auxiliary heat exchanger are incorporated into the system, serving to
raise the LNG temperature to the target distribution temperature after
expansion. At a distribution pressure of 4 MPa, the LNG cycle only
employs a TUR2 NG turbine to maximise the power output derived
from natural gas expansion. When the distribution pressure is 7 MPa,
neither the NG turbine nor the auxiliary heat exchanger is needed, and
the LNG is heated to the distribution temperature by the ORC working
fluid and the geothermal heat sources in CON and AUX1, respectively.
This is because the benefit of NG expansion diminishes as the distribu-
tion pressure increases. Moreover, although this configuration suffers
from the absence of natural gas expansion work, it also reduces the
capital investment in the turbine, thus reaching the trade-off between
thermodynamic performance and economic considerations.

The optimum configurations and T-s diagrams of the maximum case
(W; =1) under the distribution pressures 1 MPa, 4 MPa and 7 MPa are
shown in Fig. 10, respectively. Regarding the system configuration, all
optimal ORC configurations adopt the recuperative ORC, and the NG
turbine is included in all DEC subsystems. The difference lies in whether
the AUX2 auxiliary heat exchanger is included. The LNG regasification
pressure and NG temperature at the turbine outlet increase in parallel
with the increase in distribution pressure. Hence, under the conditions
of 1 MPa and 4 MPa, the NG temperature at the turbine outlet is
low, requiring an auxiliary heat exchanger AUX2 to heat the NG back
to the distribution temperature. However, as the distribution pressure

3.2.2. Optimum objective comparison

The optimum objectives comparison between the balanced case
(W; = 0.5) and the maximum case (W; = 1) under three distribution
pressures of 1 MPa, 4 MPa, and 7 MPa is shown in Fig. 11.

In both the balanced and maximum cases, an increase in the distri-
bution pressure results in a corresponding decline in energy efficiency
and an increase in EPC. Hence, at the distribution pressure of 1 MPa,
the maximum case can produce the maximum energy efficiency of
32.78% with the EPC of 0.013 $ kWh~!. Although the balanced case
can achieve the minimum EPC of 0.009 $ kWh~! with an energy
efficiency of 29.78%. Although both energy efficiency and EPC in
the maximum case exceed those in the balanced case, the degrees of
difference vary. The energy efficiency of the balanced case is nearly
commensurate with that of the maximum case, yet its EPC is substan-
tially lower. For example, when the distribution pressure is 7 MPa, the
maximum case can achieve an energy efficiency of 21.71% with an
EPC of 0.038 $ kWh~1, while the balanced case can achieve the energy
efficiency of 18.00% with only the EPC of 0.016 $ kWh~1. The balanced
case can achieve an energy efficiency of 82.94% compared to that of
the maximum case, which requires only 44.17% EPC. This is because
the maximum case focusses solely on energy efficiency, while the bal-
anced case considers both energy efficiency and economic metric EPC.
Moreover, this advantage becomes more pronounced as the distribution
pressure increases. For ORC systems, the single-objective optimisation
in this study corresponds to the maximum case, focussing exclusively
on achieving the highest thermodynamic efficiency. Conversely, the
two-objective optimisation corresponds to the balanced case, consid-
ering both thermodynamic performance and economics equally. The
comparison reveals that two-objective optimisation yields more holistic
outcomes, balancing critical factors such as capital expenditure and
operational costs relevant to practical applications. For example, a
slight reduction in thermodynamic efficiency could significantly reduce
equipment costs, ultimately enhancing overall profitability. This high-
lights how minor thermodynamic compromises can generate notable
economic benefits, positioning two-objective optimisation as a more
practical method for real-world decision making.

4. Conclusion
Within the realm of ORC-LNG optimisation challenges, the deter-

mination of optimal parameters, working fluids, and system configu-
rations play pivotal roles. In addition, these factors are closely related
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Fig. 9. The optimum configurations and T-s diagrams of the balanced case under three distribution pressures ((a), (b) 1 MPa; (c), (d) 4 MPa; (e), (f) 7 MPa).

to the operational requirements of the NG, such as the requirement of
the NG distribution pressure. Hence, in this paper, the combined ORC
system utilising both the cryogenic energy from LNG and the renewable
thermal energy from geothermal is constructed and optimised at dif-
ferent natural gas distribution pressures. Eight operational parameters
are optimised with the objective of maximising energy efficiency and
minimising EPC. 11 commonly used working fluids are selected and up
to 16 different combined ORC configurations are included during the
optimisation process. Moreover, this study addresses the selection of
optimal integrated ORC configurations within one optimisation. This
methodology markedly boosts the efficiency of the optimisation. The
principal findings can be summarised as follows.

(1) The multi-objective multi-fluid multi-configuration optimisation
is capable of providing a comprehensive result to guide the
selection of operational parameters, working fluids, and sys-
tem configurations. In addition, the novel method of including
different configurations within each optimisation process can
significantly reduce the number of required optimisations and
diminish the total optimisation time. The computational time

10

(2)

3

4

for the combined ORC system at each distribution pressure is
approximately 5 h.

The optimisation result shows that although energy efficiency is
positively correlated with EPC under each distribution pressure,
the extent varies in relation to distribution pressure. As the
distribution pressure decreases, the extent to which the EPC
increases with energy efficiency decreases progressively, and
the system can achieve a higher maximal energy efficiency
while also reducing the minimum EPC. The maximum energy
efficiency of 32.78% can be achieved with an EPC of 0.013 $
kWh~! when the distribution pressure is 1 MPa.

The recuperative ORC is preferred when the thermodynamic
metric is emphasised, while the basic ORC is preferred when the
economic metric dominates at distribution pressures of 1 MPa
and 4 MPa. However, this is not the case at 7 MPa. For the
maximum case, the optimal pinch-point temperature differences
of both the evaporator and the condenser reach their lower
limits, while those in the balanced case are significantly larger.
Although the maximum case can achieve the optimal thermo-
dynamic performance, it is concurrently associated with worse
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Fig. 10. The optimum configurations and T-s diagrams of the maximum case under three distribution pressures ((a), (b) 1 MPa; (c), (d) 4 MPa; (e), (f) 7 MPa).

economic performance. The balanced case achieves an energy ef-
ficiency of 82.94% with only 44.17% EPC compared to the maxi-
mum case at a distribution pressure of 7 MPa, offering significant
economic benefits with minimal thermodynamic losses.
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Appendix A. Optimum optimisation objectives of different ther-
modynamic weight (W) under three distribution pressures

See Tables A.10 and A.11.

Appendix B. Optimum parameters of different thermodynamic
weight (W;) under three distribution pressures

See Tables B.12-B.19.
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Table A.10
Optimisation result of system efficiency.
P W 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa 20.0288  21.1187  21.8452  28.0765  29.1603  29.7797  30.4149  31.1854  31.6498  32.2960  32.7763
4 MPa 16.2583  20.2316  21.1529  21.7905  22.4228 229559  23.4708  23.9953  24.3348  25.1807  25.7683
7 MPa 15.1463 16.4504 16.9447 17.4999 17.7516 18.0045 19.5849 20.0921 20.2662 21.0248 21.7067
Table A.11
Optimisation result of EPC.
P Wi 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa 0.0080  0.0081 0.0082  0.0088  0.0090  0.0091 0.0094  0.0098 0.0102  0.0111 0.0131
4 MPa 0.0120  0.0125  0.0127  0.0129  0.0132  0.0135  0.0141 0.0148  0.0157  0.0192  0.0259
7 MPa 0.0142  0.0144  0.0146  0.0151 0.0153  0.0157 0.0183  0.0194 0.0199 0.0256  0.0377
Table B.12
Optimisation result of effectiveness.
P Wi 0 0.1 02 03 04 05 0.6 0.7 0.8 0.9 1
dis
1 MPa 0 0 0 0 0 0 0 0.6899  0.7019  0.8167  0.9371
4 MPa 0 0 0 0 0 0 0 0 0 0.8704  0.9344
7 MPa 0 0 0 0 0 0 0.6395 0.6302 0.6738  0.5896  0.0753
Table B.13
Optimisation result of LNG regasification pressure.
P " 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa 8.0598  9.5706 10.9523 6.5950 6.7211 6.9223 6.8484 6.5731 6.6644 7.0092 6.9433
4 MPa 4.0000  7.5250 8.5722 10.0700  9.8883  9.8900 15.0000 15.0000 15.0000 15.0000 15.0000
7 MPa 7.0000  7.0000 7.0000 7.0117 7.0032  7.0053 15.0000 15.0000 15.0000 15.0000  15.0000
Table B.14
Optimisation result of evaporation temperature.
P Wi 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa -6.7486  —6.7489 —6.7490  59.0921 64.0606  66.5653  70.4659  75.9682  77.1954 84.1009 94.5078
4 MPa 59.4451 62.1680 66.0391 72.0234  83.0040 84.5552  86.8783  89.9850  91.0299  113.0759 126.4154
7 MPa 62.5391 67.1294 72.7666 75.4794  74.2848  76.7243  91.5345  92.7167  92.7321 116.1001 124.8802
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Table B.15
Optimisation result of condensation temperature.
P Wi 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa —11.7490 —-11.7490 -11.7490  -47.6192  -47.6167 —-47.6176  —47.6178 —-47.5629  —-47.6192  -42.1138  —42.0836
4 MPa —47.6190 —47.6170 —47.4672 —47.5468  —-42.0628  —42.1124  —42.0588 —42.0654  —-42.0748 -11.7490 -11.7490
7 MPa —47.6192 —47.6192 —47.6191 —47.6191 —47.6191 —47.6191 —29.4851 —29.4851 —29.4851 -11.7490  -11.7488
Table B.16
Optimisation result of working fluid turbine inlet temperature.
P " 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa —6.7486 —6.7488 —-5.8382 115.8082 123.3557 129.9335 136.7581 143.8380 150.2411 153.8391 159.9808
4 MPa 114.9456  125.7565 133.9567 138.4210 134.3743 141.9830 146.1516 152.0982 156.4759 153.9018 159.9850
7 MPa 124.1202 134.5835 138.9532 144.4046 147.8416 150.5160 140.9712 149.9529 152.0975 154.1230 159.9992
Table B.17
Optimisation result of NG turbine inlet temperature.
P Wi 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa 124.4814 130.1994 133.9678 87.9164 93.8244 94.1267 97.0850  100.1553  103.1155  105.5050  107.3277
4 MPa 126.7469 68.4374 77.9566 90.0874 88.2840 88.6856 98.3904  104.4736  108.6290  112.4516  105.4771
7 MPa —38.8587  -30.6636  —29.9270 —27.7180 —24.4706  —-24.1938  80.9041 80.2481 80.0874 80.0575 80.0192
Table B.18
Optimisation result of evaporator PPTD.
P Wi 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa 169.4463  169.0647  169.2142  74.6571 69.5655  66.4224  62.5249  57.3285  55.5254  48.4117  43.1767
4 MPa 62.2472 65.7612 64.2809 62.6964  52.8373  49.9880  52.1425 50.6698  50.0556  24.9848  13.0518
7 MPa 60.7242 55.4650 52.7270 49.1366  48.9940  47.2455  44.8213  42.5367  41.2123  16.7587 9.0351
Table B.19
Optimisation result of condenser PPTD.
P Wi 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dis
1 MPa 139.1765 137.0112 137.9365  46.2552  42.1551 40.5157  39.6918  17.2132  17.6363  13.8318 8.6864
4 MPa 38.7205 43.6149 46.8833 47.4515  43.3255  46.4771 50.4202  52.4626  54.8304  10.2441 7.8925
7 MPa 41.1481 39.3859 37.7807 38.6639  40.1493  40.3410  20.1650  22.2644  20.9382  17.9826  26.3073
Data availability [11] Sun Z. Thermodynamic optimization and comparative study of different orc

The data that has been used is confidential.
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