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Summary

A thermodynamic, economic and environmental analysis of a regasification system
including a simple Organic Rankine Cycle (ORC) and an Open Organic Rankine Cycle (OC)
to utilise the liquefied natural gas (LNG) cold energy is carried out in the present paper. The
proposed system, called ORC-OC, uses ambient seawater as heat source (open loop) and is
implemented on board a Floating Storage Regasification Unit (FSRU) in order to reduce the
greenhouse gas (GHG) emissions associated with the electricity generation plant, i.e., dual fuel
(DF) engines. Regarding the ORC working fluids analysed, an ethane/propane zeotropic
mixture is applied. The ORC-OC is compared with the simple ORC architecture, giving the
first one better energy (lower specific energy consumption), exergy (higher exergy efficiency)
and environmental (lower CO2e emissions) results. When compared to the regasification
systems installed on board, the ORC-OC system reduces the specific energy consumption by
86.99 % and increases the exergy efficiency by 17.82 % with respect to the most efficient
conventional system installed on FSRUs (direct seawater regasification system), leading to a
reduction of CO.e emissions of more than 80 %. In addition, the ORC-OC system is more cost-
effective than conventional regasification systems when the LNG price is above 6,508
USD/MMBtu.

Key words: Floating Storage Regasification Unit; zeotropic mixture; exergy analysis;
liquefied natural gas cold energy; organic Rankine
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three-stage closed organic
Rankine cycle with open
organic Rankine cycle

open loop propane
regasification system with
ORC

pump

plate heat exchanger

open loop propane
regasification system

recondenser
separator

shell and tubes heat
exchanger

seawater regasification
system

turbine
trim heater
valve
vaporizer

closed loop propane
regasification system

specific energy consumption
(kJ/KW h)

carbon factor (-)

cost rate (USD/min)
specific flow exergy (kJ/kg)
exergy flow rate (kW)
specific enthalpy (kJ/kg)
annual interest (-)
irreversibilities (kW)
mass flow rate (kg/s)
lifetime (years)

pressure (bar)

heat transfer rate (kW)
specific entropy (kJ/kg K)
temperature (°C)

specific volume (m3/kg)
power (kW)

capital recovery factor (-)
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Yom operation and maintenance
factor (-)
n efficiency (-)

T annual operating hours (h)
Q@ chemical exergy factor for
fuels (kJ/kg)

Subscripts and Superscripts

0 reference condition

alt alternator

b base

ch chemical

Cl capital investment

comp compressor

cond condensables

el electrical

ex exergy

f fuel

i inlet

LHV lower heating value

m mechanical, mixture or
mixing
natural

0 output

oM operation and maintenance

p pressure

ph physical

SW seawater

th thermal

tk storage tank

tot total

turb turbine

1. Introduction

The war between Ukraine and Russia has led to record high prices for natural gas (NG)
in Europe in 2022 [1]. Faced with this situation, in order to reduce dependence on NG imported
by pipeline from Russia, European countries intend, among other measures, to increase the
supply of liquefied natural gas (LNG) transported by sea [2]. This favours a rise in global
demand for LNG and also an increase in regasification capacity through the installation of new
onshore or offshore import terminals such as Floating Storage Regasification Units (FSRUS).
Specifically, FSRUs have experienced rapid growth in recent years and now account for more
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than 25 % of existing regasification terminals [3]. In view of the new construction of FSRUS,
this percentage will continue to increase and will be reinforced if the commitments announced
by several European countries to install regasification vessels on their coasts in order to reduce
dependence on Russian gas are fulfilled. The LNG transport involves liquefaction of the
hydrocarbon at slightly above atmospheric pressure and at a temperature of approximately -
162 °C for storage in the tanks of LNG carriers [4]. However, LNG must be regasified for
pipeline distribution of the hydrocarbon to end users [5]. Regasification of LNG involves two
basic thermodynamic processes: the increase of the pressure above the critical value and the
increase of the temperature to a value of approximately 10 °C. Therefore, seawater is usually at
a suitable temperature to be used as a heat source for the regasification process (open loop
system) [6]. However, if the ambient temperature is too low or if the authorities prohibit the use
of seawater, it is necessary to burn NG and transfer the combustion energy to the LNG by means
of an intermediate fluid (closed loop system). Thus, while open loop systems only need
electrical power for seawater supply, closed loop systems use NG combustion to increase the
temperature of the LNG, leading to higher CO> emissions associated with the regasification
process.

Regarding CO2 emissions regulations in the maritime sector, the International Maritime
Organization (IMO) added in 2011 a new chapter to MARPOL Annex VI, Chapter 4 -
Regulations on energy efficiency for ships (recently renamed as Regulations on the carbon
intensity of international shipping) [7]. The regulations contained in this chapter entered into
force at the beginning of 2013 and entail the requirement to determine the Energy Efficiency
Design Index (EEDI) for most new vessels, whose value must be lower than the limit set by
IMO depending on the vessel type and cargo capacity. Considering the growing global interest
in reducing CO> emissions, IMO resolution MEPC.328(76) recently introduced two additional
measures: the Energy Efficiency Index of Existing Ships (EEXI) and the Carbon Intensity
Indicator (CII) [8]. While the EEXI is an index similar to the EEDI, but for all existing vessels,
the ClII is an operational indicator that evaluates the vessel's annual emissions. However, the
IMO regulations so far have the disadvantage that they only are applicable to vessels dedicated
to cargo transport and does not consider those that operate on a stationary basis, such as FSRUs
[9]. Therefore, these indices and indicators do not allow the CO, emissions of the regasification
process in an FSRU to be determined, nor do they allow the regasification systems implemented
to be evaluated.

Most of the systems installed at regasification terminals are not designed to recover the
LNG cold energy previously acquired in the liquefaction process and, consequently, it is
released directly into the environment. This has led the scientific community to investigate the
utilisation of LNG cold energy, especially its application in power generation through power
cycles [10,11]. Among the cycles considered by researchers, the Organic Rankine Cycle (ORC)
is the most frequent and has been the first to be applied in onshore regasification terminals,
where LNG is used as a sink [4]. As far as offshore regasification is concerned, there is currently
no system installed on board FSRUs that exploits LNG cold energy for power generation [12].
However, companies in the sector, MOL and DSME, have developed a regasification system
with simple ORC for FSRUs [13].

Studies on the utilisation of cold energy by ORC focus on the selection of working fluids,
cycle architectures and integration of waste or renewable heat sources. The number of papers
is very large and the main contributions of authors are reported in recent reviews such as in
[10,12,14-16]. In the aforementioned reviews, it can be seen that the number of investigations
on the application of zeotropic mixtures as working fluid is lower than those with pure fluids,
despite the fact that this type of mixtures can improve the power generated by ORCs [17,18].
Regarding works dealing with the utilisation of cold energy on board FSRUSs, the number of
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publications is rather limited. The main studies related to regasification vessels are presented
below.

Regarding the integration of simple ORC in open-loop regasification systems, Yao et al.
[19] study the thermodynamic performance (first and second law) considering several working
fluids and conclude that propane is the best candidate. Based on this work, the following papers
propose more complex and efficient systems than the simple ORC, which can be classified
according to the type of configuration studied, i.e., series ORCs or cascade ORCs. Starting with
the first type of arrangement, Lee et al. [20] evaluate up to two stages in series and consider the
integration of waste heat from the exhaust gas of FSRU engines into the cold energy utilisation
power generation system. The two-stage ORC with exhaust gases achieves a clear reduction in
seawater use and improves electrical power production compared to simple ORC or
conventional two-stage ORC. Next, Yoon-Ho [21] performs energy, exergy and economic
analysis of up to three stages in series and considers the integration of a partial expander. The
latter component expands part of the regasified NG to supply the fuel gas consumed in the
engines. Regarding cascaded ORCs, Yao et al. [22] evaluate two three-stage configurations,
while Xu and Lin [23] propose two power cycles: a novel three-stage and a four-stage
configuration. Based on the results obtained from these studies, cascade configurations allow
higher exergy efficiencies to be achieved than cycles in series. The papers mentioned so far use
pure working fluids in the ORC stages. Regarding the application of zeotropic mixtures as
working fluid, only Yoon-Ho [24] considers their use in the thermo-economic assessment of
two power cycles: simple ORC and two-stage ORC in series. In the study, ethane-propane
mixture is used as the working fluid in the simple ORC and in the low-temperature stage of the
two-stage ORC. In both systems, the zeotropic mixture significantly increases the electric
power generation in comparison with pure fluids.

In summary, the limited research on LNG cold energy utilisation in FSRUs focuses on
open loop regasification systems with both series and cascade configurations of ORCs and the
possible integration of waste heat sources into the process such as engine exhaust gases.
Regarding the working fluids used, these are mostly pure, with ethane and propane offering the
best results, although it has been shown that the zeotropic ethane/propane mixture is able to
improve the electrical energy production of the power cycle.

None of the above-mentioned studies takes into consideration the effect of integrating the
ORC into the FSRU's electrical power balance, i.e., the reduction of power generation on the
dual fuel (DF) engines and, consequently, the reduction of fuel consumption and greenhouse
gas (GHG) emissions. In addition, the implementation of LNG open power cycle (OC) in
combination with ORC has not been considered in these studies. Unlike the ORC, which uses
its own working fluid, the OC is a transcritical cycle with NG as the working fluid. Specifically,
in this cycle, part of the regasified NG, which is in a supercritical state, is expanded in a turbine
and subsequently condensed with the cold energy of the LNG supplied to the regasification
system [4,25]. The ORC-OC system has been previously introduced in [26] with the aim of
achieving zero carbon emissions during the regasification process of the FSRU. However, in
order to meet the electrical power demand, i.e., to avoid the use of dual fuel (DF) engines,
complex ORC-OC systems with at least two stages need to be installed. Therefore, this previous
study covers the thermo-economic analysis of two-stage and three-stage ORC-OC systems
(20RC-0OC and 30RC-0OC), but not the simple ORC-OC. Furthermore, it does not compare
from a thermodynamic, economic and environmental point of view the ORC-OC system with
the simple ORC, when the latter is the most basic and conventional power cycle for cold energy
utilisation considered in the scientific literature.

Therefore, taking into account the gaps in the existing literature, this study performs the
energy, exergy, economic and environmental analysis of an open loop regasification system

43



Energy, exergy, economic and environmental analysis of
a regasification system integrating simple ORC and LNG
open power cycle in floating storage regasification units

that combines a simple ORC with an OC (ORC-OC) to achieve a significant reduction of GHG
emissions in FSRUs. In the proposed system, an ethane/propane mixture is considered as the
working fluid of the ORC to improve the production of electrical energy. The ORC-OC system
is compared from energy, exergy, economic and environmental points of view with the simple
ORC system considered by researchers in previous publications. Finally, the systems analysed
in this study are compared with conventional regasification systems installed on board FSRUs
and other systems proposed in previous work by the authors.

Manuel Naveiro, Manuel Romero Gémez,
Ignacio Arias-Fernandez, Alvaro Baalifia Insua

2. System description

This section describes the studied configurations: the ORC-OC system and the ORC
system. Fig. 1 shows the simplified scheme of the ORC-OC system with the main components
of the OC, turbine and condenser, represented by dashed lines. The ORC system presents the
same basic layout, but without the OC equipment. The systems are evaluated on a model FSRU
with a dual fuel diesel electric (DFDE) propulsion system previously presented in [27], which
is more efficient than the conventional steam turbine system [28]. Tables A. 1 and A. 2 include
the main characteristics of the vessel and the specific fuel consumptions of the DF engines,
respectively. Next, the regasification systems studied are described based on the trajectories
followed by the LNG and boil off gas (BOG), starting with the ORC system shown in Fig. 2.
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Fig. 1 Simplified scheme of the ORC-OC regasification system.
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Fig. 2a shows the processes related to LNG supply and BOG handling of the ORC system.
The LNG stored in the cargo tanks is discharged by the feed pump (P-1) to the recondenser (R).
In the inlet line to this component, the LNG decreases the pressure in the valve (V-1). The LNG
then exits the bottom of the recondenser and is directed to the booster pump (P-2) to increase
the pressure to the value required for pipeline distribution of the hydrocarbon. The high pressure
LNG increases the temperature in the condenser of the OC (CD-1) and subsequently in the
condensation process of the ORC working fluid. As for the management of the BOG coming
from the storage tank, it is mixed with the BOG produced in the forced vaporiser (FV). This
heat exchanger vaporises part of the LNG cargo and is used when it is not possible to satisfy
the gas fuel demand of the DF engines with the natural BOG produced in the tank. In any case,
the BOG must be pre-cooled to increase the pressure up to about 6 bar in the low duty (LD)
compressor. Specifically, in the mixer (MX) the temperature is reduced to -120 °C and then the
condensables are removed in the phase separator (S). The cooling process of the BOG in the
mixer is carried out by mixing a small amount of LNG supplied by the fuel gas pump which is
located in the storage tank. In case of using the forcing vaporizer, the above-mentioned pump
is responsible for supplying the LNG to this heat exchanger. Part of the high pressure BOG
from the low duty compressor is consumed by the DF engines and conditioned in the natural
gas aftercooler/heater (AC/NGH), while the remaining BOG flows to the recondenser through
the valve (V-2). If the BOG exceeding the consumption of the DF engines cannot be treated in
the recondenser, it is necessary to burn it in the Gas Combustion Unit (GCU). With regard to
the regasification process, Fig. 2b shows the integration of the simple ORC. This cycle consists
of a pump (P-3) to increase the pressure of the working fluid, a vaporiser (\VP-1) that exchanges
heat with the seawater and a condenser (CD-1) that exploits the LNG cold energy. The seawater
is supplied by the pump (P-4) to the ORC and the trim heater (TH). In the latter heat exchanger,
the NG reaches the appropriate temperature for export by pipeline.

The ORC-OC regasification system is practically identical to the one described above,
however, there are some differences according to the integration of the OC as shown in Fig. 3.
In this system, the LNG coming from the booster pump increases the temperature in the OC
condenser (CD-1) before entering the ORC condenser (CD-2) and trim heater (TH). In the latter
component, the NG temperature is sufficiently increased to export the hydrocarbon to shore.
However, part of the regasified NG flow rate is recirculated for use as the OC working fluid:
the fluid is expanded in the turbine (T-1) and then condensed in CD-1. In this way, the
recirculated NG flow rate in liquid state is reintroduced to the regasification process in the
recondenser.

Unlike OC, the ORC working fluid is independent of the LNG composition, therefore,
the ethane/propane mixture can be modified to maximise the power produced in the latter cycle.
By adjusting the ethane/propane composition, the temperature profiles in the heat exchange
processes with LNG are closer, because there is a temperature glide in the phase change process
(see Fig. 4).
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Fig. 2 Diagram of the ORC regasification system: a) BOG handling and LNG feed systems, b) simple ORC
arrangement.
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Fig. 4 Vapour-liquid phase change temperatures of the working fluid as a function of the ethane/propane
composition.

3. Mathematical modelling

The regasification systems are modelled in Aspen HYSYS using the Peng Robinson
equation of state to calculate the properties of the NG and ORC working fluid. As for seawater,
this fluid is considered as pure water and therefore the IAPWS-IF97 package is used to
determine the thermodynamic properties. The study addresses the effect of LNG composition
on electric power generation, so two compositions are considered: pure methane and LNG
composition measured on board an FSRU (see Table A. 3). The first one is treated as the LNG
reference composition with a net calorific value of 49 500 kJ/kg.

The following subsections explain the methodology carried out in the energy, energy,
economic and environmental analyses of the systems.

3.1 Energy analysis

The energy analysis is based on the principle of conservation of energy, i.e., the first law
of thermodynamics. Thus, the energy balances under adiabatic conditions for each component
of the regasification systems, ignoring kinetic and potential energy effects, are shown in Table
1 as well as the mass balances.

With regard to the heat transfer from the environment to the LNG storage tanks, the BOG
to be extracted (mpgc) is defined as [9,29]:

__ BORV VLNG ( . BOR Vtk)
=2tk NG (45 |4 1
) LNG L ( )

. ) VLNG . .
Mpog = MBoGn — (mLNG + MBoG,n
VBOG VLNG VBOG

where mgog n IS the natural BOG mass flow rate generated by the heat input, BOR is the
boil-off rate, V. is the LNG storage capacity, i ¢ IS the LNG mass flow rate extracted from
the storage tanks and vy ¢ and vgqg are the specific volume of LNG and BOG, respectively.
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Table 1 Balance equations for components of the regasification systems analysed

Component Mass Energy
Pumps and compressors m; =m, Wpump/comp = m(h, — h;)
Turbines m; = m, Wiuen, = m(h; — hy)
Valves m; = m, h; = h,
Mixer and recondenser Z m; =m, Z m;h; = myh,
i i
Phase separator m; = Z My m;h; = Z mohy
o (0]
Heat exchangers Z m; = Z M, Z mih; = z mohy
i 0 i o)

Determining the electrical demand of the FSRU involves calculating the electrical power
consumed by the pumps and compressors in the regasification system. The electrical power
consumed by each pump or compressor (Wel_pump /comp) 1S defined by the electromechanical
efficiency (1e,m) as follows:

. 1%
_ pump/comp
Wel,pump/comp - (2)

Nel,m
Thus, the electric power demand in the FSRU (W, gsry) can be calculated as:
Wel,FSRU = Wel,b + X Wel,pump +X Wel,comp 3)
where Wel’b represents the electric power demand of the vessel’s auxiliary services with

a value of 2050.9 kW [27].

The electric power to be generated by the engines (We1,eng) must be equal to the electric

power demand of the FSRU considering the power generation of turbines as the following
equation implies:

Wel,eng =i el,FSRU — % Wturbnalt 4)

where 7, Is the efficiency of each turbine alternator.

The total power delivered by the DF engines (Weng) is calculated with Eq. (5) and

distributed between two engines: a 6L50DF and a 12V50DF. The load sharing is done by
minimising the fuel consumption according to Table 2.

H Wel,en
VVeng = Ttg (%)
The specific energy consumption of the NG (bgog(;)) and pilot diesel oil (DO) (bpo())
depends on the power developed by the engine (Weng(i)). These parameters are calculated with
third order polynomial regressions of the data in Table A. 2. Therefore, the mass flow rates of
both fuels consumed (mpog(;) and mpg(;y) are:

bgoGi)Weng(i) (6)

MpoG() = hLuv,BOG
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. bpo@i)Weng(i)
Mpog) = —f -~~~ (7)
LHV,DO

where hy gy gog IS the NG net calorific value, and hy gy po is the DO net calorific value.

Table 2 Engines load sharing as a function of the power delivered [27]

Load sharing

Conditions
6L50DF 12VV50DF
M/eng < 80 % W6L,max(1) I/i/eng B
80 % W6L,max < I/i/eng < 80 % WlZV,max(Z) B Vi/eng

80 % W6L,max < I/i/erlg
M/eng <125 % W6L,max + 80 % WlZV,maX
12.5 % WGL,maX + 80 % W12V,max < I/i/eng I/i/eng - I/i'/IZV 80 % WlZV,maX

12.5 % W6L,max M/eng - WGL

Notes: (1) Maximum engine power of 6L50DF (WGL‘maX). (2) Maximum engine power of 12V50DF (an’max).

The total consumption of each fuel (1go¢ and rpg) can be calculated as:
MpoGc = X MBoG() (8)
Mpo = X Mpo) )

Finally, the specific energy consumption of the FSRU (bgsry) is determined with the
following equation:

mpoGghLHV,BoG+MDoRLHY,DO (10)

bgsry = .

The main parameters assumed in the study of the regasification systems are presented in
Table A. 4.

3.2 Exergy analysis

The irreversibilities associated with the different components of regasification systems
result in the destruction of useful work (exergy). In this study, the specific exergy flow rate of
a material stream (e) is defined in Eq. (11) considering two terms: the physical exergy (eP")
and the chemical exergy (e").

e = ePh 4 ech (11)

However, for a proper definition of the FSRU efficiency, the physical exergy term of NG
is split into thermal exergy (e™") and mechanical exergy (eP) as follows [30]:

eph =h_h0_T0(S_So) (12)
eth = ePN(T, p) — eP"(T,, p) (13)
eP = eph(To,P) - eph(To’Po) (14)

where the terms with subscript 0 are the values of the same properties at the dead state.

In the analysis of the regasification systems, it is only necessary to determine the chemical
exergies of NG and DO with Egs. (15) and (16), respectively. These equations calculate the
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chemical exergy as function of the net calorific value and an exergy factor of the fuel. The
exergy factors assumed for BOG (o) and DO (¢po) are 1.04 and 1.07, respectively [31].

eghc = ©BochLEv,BOG (15)

el%}(l) = @pohLuv,po (16)

After defining the exergies needed to perform the analysis of the systems, the exergy
destroyed (exergy balance) and exergy efficiency of components of the regasification systems
are determined with the equations in Table 3.

Table 3 Balance equations for components of the regasification systems analysed

Component Exergy destruction Exergy efficiency
. . . m(e, — ;)
Pumps and compressors {lpump/comp = Wpump/comp — 1M.(e, — €;) Nex,pump/comp = 75—
Wpump/comp
Turbines Tourp = m(e; — €5) — Weurn Nexturb = — Wears
' m(ei _ 60)
Valves Lyave = m(e; —e,) -
) i _ . . [Mm(e, — e)lprod
Mixer and recondenser Ivx/r = Z me; — Moe, Tex MX/R = T —— e
7 [(e; — eo)]supply
_ ) ) [m(e, — e)]lprod
Heat exchangers Iyp = Zmiei - Zmoeo MexHE = T
i o [m(ei — eo)]supply
lore = (ELNG - ENG) Worce + (ESW,in - ESW,out)
ORC . . . Mex,0RC = T -
+(Eswin — Esw.out) — Worc (Eing — Enc)

Finally, the exergy efficiency of the FSRU (nex rsru) IS defined as:

(EII\)JG*'Egond ~(EPng+EBoc)
Epo+(Effc+ESDc)—(ERE+ES a)+ (EfNG +EBbG)— (NG +Efond)

Mex,FSRU = 17)

where Epq is the pilot DO exergy flow rate supplied to the DF engines. In this equation,
the exergy flow rates of the LNG and BOG leaving the cargo storage tanks are represented with
subscripts LNG and BOG, while those for regasified NG and condensables from the mist
separator are represented with NG and cond subscripts.

3.3 Economic analysis

The economic analysis of regasification systems is carried out by considering the
components which constitute the regasification modules. Each module is composed of two
booster pumps and the components involved in the regasification process, including those
related to intermediate fluids such as ORC. In the study, the FSRU is considered to have 3
regasification modules with a total maximum capacity of 750 mmscfd (see Table A.1). As
FSRUs are usually designed to operate continuously at the baseload regasification capacity (500
mmscfd), the economic analysis of each of the regasification systems is performed considering
two modules with the cold energy utilisation system and the third module with a conventional
regasification system. Specifically, the third module consists of an open-loop propane
regasification system previously analysed in [27]. The method used in the economic assessment
has been applied in [27] and the equations are presented below.
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The total cost rate of a regasification system (C,,:) can be calculated with the following
equations:

Ctot = Cf,tot + Zt(:()lt + Z.t%lgl (18)

. . cI
th + ZS,I»\[/[ — Ztot()’op:+ﬁcm=) (19)

where Cro; iS the cost rate associated with fuels, ZG; is the capital investment cost rate,
ZOM s the operation and maintenance cost rate, ZZ is the capital investment cost of the
regasification system, yqum IS the operation and maintenance factor, t is the annual operating
hours and Scgrr is the capital recovery factor calculated in Eq. (20) based on the annual interest
(i) and the estimated lifetime of the regasification system (n) [32].

i(1+i)"

Bere = ny (20)

In order to compare the regasification systems evaluated in this study with those
considered in previous works, the CEPCI is used to update the capital investment cost of each
system to 2019. This is achieved with the following equation:

(FCI)March,2018 (21)

gCl _ _ CEPClao1g
tot CEPCIMarch,ZOlS

where FCI is the fixed capital investment, often referred to as total project cost. This term
is calculated from the programmes contained in the AspenONE Suite. Specifically, the
regasification systems are modelled in Aspen HYSYS, the heat exchangers are designed in
Aspen EDR and, finally, the APEA determines the total project cost. The cost basis date of the
latter programme is March 2018 [33].

Table 4 lists the main economic parameters assumed in the study of regasification
systems.

Table 4 Economic analysis parameters

Parameter Value
YoM 3 % [34]
[ 12 % [32]
n 20 years [21]
T 8000 hours
CEPCIMarch,ZOlS 588 [35]
CEPCl,419 607.5 [35]

3.4 Environmental analysis

The environmental analysis of the regasification systems is performed through the Energy
Efficiency Regasification Indicator (EERI) and the Carbon Footprint Regasification Indicator
(CFRI). The EERI determines the CO2 emissions resulting from fuel consumption during the
regasification process onboard the FSRU, while the CFRI further considers the effects of CO>
capture systems (if installed) and methane unburned from DF engines (methane slip).

The EERI is determined as follows [9]:

EERI (£22) = 2 1iCrj (22)

M] mnc(hng—hLNG)

52



Energy, exergy, economic and environmental analysis of Manuel Naveiro, Manuel Romero Gémez,
a regasification system integrating simple ORC and LNG Ignacio Arias-Fernandez, Alvaro Baalifia Insua
open power cycle in floating storage regasification units

where m; is the fuel mass flow rate, C; is the non-dimensional conversion factor between
fuel consumption and CO2 emissions (g CO2/g fuel), hy¢ is the specific enthalpy of the
regasified NG and h;y is the specific enthalpy of saturated liquid at the temperature of the
LNG contained in the storage tanks with the same composition as the regasified NG.

Considering that the systems studied do not involve CO; capture processes, the equation
of CFRI can be simplified as [9]:

8coze\ _ Xjm;Cpj+mch, (GWPcH,—CrcH,)

CFRI( M] ) - mng(hnG—hLNG) (23)

where gy, is the mass flow rate of methane in DF engine exhaust gases, GW Pcy, is the

global warming potential (GWP) of methane and Cgcy, is the non-dimensional conversion
factor between methane and CO emissions.

The parameters assumed to calculate the EERI and CFRI of the regasification systems
evaluated are presented in Table 5.

Table 5 Environmental analysis parameters

Parameter Value
Crch, 2.750 [36]
Crpo 3.206 [36]

100-years GW Pcy, 28 [37]
Methane slip 5.5 g/kW h [38,39]

4. Results and discussion

The results obtained from the thermodynamic, economic and environmental analysis of
the regasification systems are discussed in the following subsections. Specifically, section 4.1
presents the results related to the effect of both the working fluid and LNG composition on the
power to be generated by the DF engines during the regasification process of the FSRU. After
obtaining the optimal compositions, section 4.2 gives the energy, exergy and environmental
results of the systems, while section 4.3 gives the economic results. Finally, section 4.4
compares the regasification systems analysed in this study with systems evaluated in previous
works.

4.1 Effect of working fluid composition

Fig. 5 shows the effect of the working fluid composition in the ORC regasification system
on the electrical power to be produced by the DF engines (required power), simulating the LNG
both as pure methane and with the composition of Table A. 3. Specifically, in the case of pure
methane, it can be seen how a molar composition ratio of 76:24 ethane/propane is able to reduce
the required power by 64.65 % with respect to pure propane (45.84 % if ethane is used as a
reference). However, the effect of LNG composition on this parameter as the ethane content
increases is relevant. While in the case of pure propane the difference in the required power for
both LNG compositions is only 0.85 %, this value increases to a maximum of 66.66 % if the
ethane/propane molar composition is 76:24. Thus, for the LNG in Table A. 3, the optimal
working fluid composition (75:25 ethane/propane) reduces the power requirement for pure
propane by 41.61 % (24.76 % for pure ethane).

In the ORC-OC regasification system, the NG mass flow rate recirculated through the OC
influences the optimal composition of the ORC working fluid. For the optimisation of the ORC-
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OC system, the simulation is started with the optimal composition of the ORC system and then
the OC flow rate is increased with a step of 0.01 kg/s until the minimum required power value
Is reached. Finally, the composition of the ORC working fluid is adjusted. Table 6 presents the
optimal compositions of the working fluids for the regasification systems studied, including the
ORC system with pure propane (P-ORC), while Fig. 6 gives the required power for each system.
Based on the results obtained, the ORC-OC system reduces the required power by 84.35 and
55.73 % with respect to the P-ORC and ORC systems, respectively. However, these values
decrease to 73.37 and 54.40 % for the LNG in Table A. 3. It should be noted that the maximum
NG flow rate through the OC is more than double for this real composition compared to pure
methane.

The composition of the LNG is undoubtedly a factor to be considered when determining
the power generated by the cycles, however, the composition depends on the origin of the
hydrocarbon. Therefore, the following sections present the results of the three regasification
systems with the optimal values obtained for pure methane.

=== \ethane LNG

1000
0.00 010 0.20 030 040 050 060 0.70 080 0.90 1.00

Mole fraction of ethane (-)

Fig. 5 Power required in the ORC system as a function of LNG and working fluid (ethane/propane mixture)
compositions.

Table 6 Optimal working fluid composition and OC mass flow for each system as a function of LNG

composition
Working fluid OC mass flow rate
Cycle (ethane mole fraction) (kgls)
Methane LNG Methane LNG
P-ORC 0.00 0.00 - -
ORC 0.76 0.75 - -
ORC-OC 0.73 0.74 9.30 19.38
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Fig. 6 Power required by each system as a function of LNG composition with optimal working fluid
compositions

4.2 Thermodynamics and environment

The main thermodynamic properties of the P-ORC, ORC and ORC-OC states are given
in Tables A. 5, A. 6 and A. 7, while the compositions are presented in Tables A. 8, A. 9 and A.
10. The main energy, exergy and environmental results for the three systems are shown in Table
7. Of the systems evaluated, the ORC-OC system has the highest electrical power demand, but
also achieves the highest output through the ORC and OC turbines. Thus, the ORC-OC system
reduces the specific energy consumption of the FSRU by 76.97 and 59.54 % compared to the
P-ORC and ORC systems, respectively. In relation to the exergy results, the ORC-OC system
presents the lowest exergy input and the lowest exergy destroyed for the same regasification
capacity of the evaluated systems, becoming the system with the highest exergy efficiency. The
EERI results are similar to those obtained in the energy analysis for specific energy
consumption. Regarding the CFRI calculation, the ORC-OC system reduces COze emissions
by 78.40 and 60.53 % compared to the P-ORC and ORC, respectively.

Tables 8, 9 and 10 show the power balance for each system analysed, where it is clear
that the main consumer is the booster pump, while the seawater pump obtains very similar
power consumption values. Regarding power generation, the turbine of the closed cycle in the
P-ORC and ORC systems accounts for 49.94 and 82.99 % of the FSRU demand, respectively,
while in the ORC-OC system it represents 78.09 %. However, in the latter system, the power
of the OC turbine is equivalent to 14.62 % of the electrical power demand and, therefore, the
total power produced by the turbines in the ORC-OC system satisfies 92.71 % of the demand.

Tables 11, 12 and 13 provide the exergy destroyed and exergy efficiency for each
component of the P-ORC, ORC and ORC-OC systems, respectively. Among the evaluated
systems, the component with the highest irreversibilities, i.e., exergy destroyed, is the
condenser of the closed power cycle. This component represents 45.93, 32.72 and 26.31 % of
the exergy destruction in the P-ORC, ORC and ORC-OC systems, respectively. Regarding the
closed cycle exergy efficiency of the systems, the efficiency in the systems with zeotropic
mixtures is more than double if compared to the value obtained for the P-ORC system (pure
propane).
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Table 7 Main results obtained from the energy, exergy and environmental analyses of the regasification systems

Regasification system
Cycle
P-ORC ORC ORC-OC
Wirtsild 12V50DF load (%) 47.09 0.00 0.00
Wirtsild 6L50DF load (%) 0.00 33.28 14.73
Electric power demand (kW) 10 184.49 10 596.70 10 953.06
Specific energy consumption (kJ/kg) 128.43 51.96 29.57
Exergy supplied (kW) 136 184.41 | 123863.13 | 120217.13
Exergy destruction (kW) 65 369.97 53 045.67 49 398.13
FSRU exergy efficiency (%) 52.00 57.17 58.91
EERI (g CO2/MJ) 9.35 3.79 2.17
CFRI (g CO2e/MJ) 11.79 4.65 2.55

Table 8 Electric power by equipment of the P-ORC system

. Power | mem | Electric power | Electric power weight
=quipment (W) | (%) (kW) (%)
FSRU auxiliary services - - 2050.90 20.14
LD 213.65 80.00 267.06 2.62
P-1 257.66 90.00 286.29 2.81
P-2 3465.73 | 90.00 3850.81 37.81
P-3 144.15 90.00 160.17 1.57
P-4 3212.34 | 90.00 3569.26 35.05
T-1 5353.32 | 95.00 5085.65 49.94

Table 9 Electric power by equipment of the ORC system

. Power | mem | Electric power | Electric power weight
=quipment (W) | (%) (kW) (%)
FSRU auxiliary services - - 2050.90 19.35
LD 213.91 80.00 267.39 2.52
P-1 257.25 90.00 285.84 2.70
p-2 3470.54 | 90.00 3856.16 36.39
P-3 379.70 90.00 421.89 3.98
P-4 3343.08 | 90.00 3714.53 35.05
T-1 9257.23 | 95.00 8794.36 82.99
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Table 10 Electric power by equipment of the ORC-OC system

Equipment Power | mem | Electric power | Electric power weight
kW) | (%) (kW) (%)
FSRU auxiliary services - - 2050.90 18.72
LD 213.98 80.00 267.48 2.44
P-1 257.14 90.00 285.71 2.61
pP-2 3774.67 | 90.00 4194.08 38.29
P-3 354.97 90.00 394.41 3.60
P-4 3384.44 | 90.00 3760.49 34.33
T-1 1686.11 | 95.00 1601.80 14.62
T-2 9003.57 | 95.00 8553.39 78.09
Table 11 Exergy results by equipment of the P-ORC system
Equipment Fuel exergy | Productexergy | Irreversibility Exergy efficiency
(KW) (KW) (kW) (%)
CD-1 43 389.08 13 366.32 30 022.76 30.81
LD 213.65 103.62 110.03 48.50
MX 45.81 24.07 21.74 52.55
ORC @ 43 389.08 5213.12 37 285.64 12.01
P-1 257.66 59.02 198.64 22.91
pP-2 3465.73 870.28 2595.44 25.11
P-3 144.15 99.42 44.73 68.97
P-4 3212.34 2547.85 664.48 79.31
R 644.78 368.43 276.35 57.14
T-1 6964.31 5353.32 1610.99 76.87
TH 2464.48 194.73 2269.74 7.90
V-1 213.29 0.00 213.29 -
V-2 6.08 0.00 6.08 -
VP-1 6501.43 890.32 5611.12 13.69

Notes: (1) ORC equipment comprises all components through which the working fluid flows.
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Table 12 Exergy results by equipment of the ORC system

Equipment Fuel exergy | Productexergy | Irreversibility Exergy efficiency
(KW) (KW) (kW) (%)
CD-1 38 055.93 20 699.12 17 356.81 54.39
LD 213.91 103.75 110.16 48.50
MX 45.86 24.10 21.76 52.55
ORC ¢ 38 055.93 8877.53 28 449.79 23.33
P-1 257.25 58.93 198.33 22.91
P-2 3470.54 880.76 2589.79 25.38
P-3 379.70 231.64 148.06 61.01
P-4 3343.08 2651.55 691.53 79.31
R 882.61 505.14 377.47 57.23
T-1 12 402.01 9257.23 3144.79 74.64
TH 7567.51 400.60 7166.91 5.29
V-1 212.95 0.00 212.95 -
V-2 8.36 0.00 8.36 -
VP-1 8528.74 728.61 7800.13 8.54

Notes: (1) ORC equipment comprises all components through which the working fluid flows.

Table 13 Exergy results by equipment of the ORC-OC system

Equipment Fuel exergy | Productexergy | Irreversibility Exergy efficiency
(KW) (KW) (kW) (%)
CD-1 7895.69 5728.77 2166.92 72.56
CD-2 33 308.63 20 310.57 12 998.06 60.98
LD 213.98 103.79 110.20 48.50
MX 45.88 24.11 21.77 52.55
ORC @ 33 308.63 8648.60 23 930.82 25.97
P-1 257.14 58.90 198.24 22.91
p-2 3774.67 984.01 2790.66 26.07
P-3 354.97 217.57 137.40 61.29
P-4 3384.44 2684.36 700.08 79.31
R 1500.12 1051.49 448.62 70.09
T-1 2548.19 1686.11 862.09 66.17
T-2 12 035.30 9003.57 3031.73 74.81
TH 7591.27 413.97 7177.30 5.45
V-1 212.86 0.00 212.86 -
V-2 9.02 0.00 9.02 -
VP-1 8492.83 729.21 7763.62 8.59

Notes: (1) ORC equipment comprises all components through which the working fluid flows.
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4.3 Economics

Tables 14, 15 and 16 show the economic results obtained for the P-ORC, ORC and ORC-
OC, respectively, which include the breakdown cost of the equipment and the total project cost
obtained from APEA. The construction material and the type of heat exchangers have a
significant influence on the total project cost of the systems. In general, SS316L steel is used
as the construction material for the heat exchangers, however, in those where seawater flows,
titanium is selected to avoid corrosion problems. Regarding the type of heat exchangers, all are
of the shell and tube type except for the ORC vaporisers, which are plate heat exchangers. The
choice of the latter instead of conventional shell and tube heat exchangers allows cost savings
to be achieved. Among the systems evaluated, the P-ORC has the lowest total project cost and
therefore the lowest capital investment cost rate. However, in the economic analysis, the effect
of the LNG price on the total cost rate for each system must be considered as shown in Fig. 7.
The P-ORC system is more cost effective than the other systems when the LNG price is below
7.116 USD/MMBtu (intersection point between the P-ORC and ORC lines). If the LNG price
is between 7.116 and 11.298 USD/MMBtu (intersection point between the ORC and ORC-OC
lines), the ORC system has the lowest total cost rate. For a higher fuel price, the most
economical system is the ORC-OC. However, if the latter is compared to the P-ORC, the ORC-
OC system has the lowest cost rate if the LNG price is higher than 8.065 USD/MMBtu.

Table 14 Economic results of the P-ORC system obtained from the APEA

Manuel Naveiro, Manuel Romero Gomez,
Ignacio Arias-Fernandez, Alvaro Baalifia Insua

T / Equip. cost Installed Total
Module |Equipment n.° M;{[E(raial US'D cost capital cost
USD) | ysp)y | (usD)
Propane Bpouor;tsr 2 CP/SS304 | 2773800 | 3494400 |57 216 800
. S&T/
Vaporizer 1 SS316L 69 200 346 200
Trim heater 1 S&TT 1 s 700 | 2572000
Titanium
Propane 1 CP/SS304| 350600 | 748300
pump
Propane 3 PHE/ 1 3518400 | 3435400
evaporator Titanium
P-ORC P-2 4 CP/SS304 | 5636800 | 7078500
p-3 2 CP/SS304| 865800 | 2342500
S&T/
CD-1 2 ceaj, | 1390600 | 5311400
T-1 2 ; 1024800 | 3213900
VP-1 6 PHE/ 37500 | 225100
Titanium
TH 2 S&T/ 19 993800 | 5112300
Titanium

Notes: Centrifugal pump (CP), shell and tube heat exchanger (S&T) and plate heat exchanger (PHE).
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Table 15 Economic results of the ORC system obtained from the APEA

Manuel Naveiro, Manuel Romero Gémez,
Ignacio Arias-Fernandez, Alvaro Baalifia Insua

T / Equip. cost Installed Total
Module |Equipment n. Maxcgle’ial US'D cost capital cost
USD) | yspy | (usD)
Propane Bpouorf]tsr 2 CP/SS304 | 2773800 | 3494400 |67 008 400
. S&T/
Vaporizer 1 $S316L 350 600 748 300
Trim heater 1 S&T/ 1 g6 700 | 2572000
Titanium
Propane 1 CP/SS304| 37500 | 225100
pump
Propane 3 PHE/ | 65800 | 2342 500
evaporator Titanium
ORC p-2 4 CP/SS304 | 5636800 | 7078500
p-3 2 CP/SS304| 316000 | 549 700
S&T/
CD-1 2 ceajg, | 3871200 | 9348500
T-1 2 ] 4476 400 | 4753300
VP-1 4 PHE/ 1 876800 | 2419500
Titanium
TH 2 S&T /11 992600 | 6929 000
Titanium

Notes: Centrifugal pump (CP), shell and tube heat exchanger (S&T) and plate heat exchanger (PHE).
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Table 16 Economic results of the ORC-OC system obtained from the APEA

Manuel Naveiro, Manuel Romero Gomez,
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T / Equip. cost Installed Total
Module |Equipment n.° Maxcgiial US'D cost capital cost
USD) | yspy | (usD)
Propane Bpouorf]tsr 2 CP/SS304 | 2773800 | 3494400 | 71544 200
. S&T/
Vaporizer 1 $S316L 350 600 748 300
Trim heater 1 S&T/ 1 g6 700 | 2572000
Titanium
Propane 1 CP/SS304| 37500 | 225100
pump
Propane 3 PHE/ | 65800 | 2342 500
evaporator Titanium
ORC-OC p-2 4 CP/SS304 | 5752400 | 7368800
p-3 2 CP/SS304| 310000 | 543300
S&T/
CD-1 2 ceae, | 478800 | 2935500
S&T/
CD-2 2 SeateL | 2595000 | 7606800
T-1 2 ] 853800 | 1187 200
T-2 2 ] 4404600 | 4678700
VP-1 4 PHE/ 1 812400 | 2329800
Titanium
TH 2 S&T/ | 1978000 | 6987300
Titanium

Notes: Centrifugal pump (CP), shell and tube heat exchanger (S&T) and plate heat exchanger (PHE).
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Fig. 7 Total cost rate comparison of the regasification systems analysed.
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4.4 Comparison with regasification systems from previous works

The regasification systems analysed in this study are thermodynamically compared in
Fig. 8 with the conventional systems installed onboard FSRUs: seawater system (SW-OL),
open-loop propane system (P-OL) and closed-loop water-glycol system (WG-CL). In addition,
a closed-loop regasification system with ORC and a CO> capture system (ORC-CC-CL) by
chemical absorption evaluated in [40] are included in the comparison. The ORC-CC-CL system
is able to fully satisfy the electrical power demand of the vessel and captures 90 % of the CO-
emissions from the regasification boilers. Also included in the comparison are the 20RC-0OC
and 30RC-OC systems discussed in [26], which were designed to achieve the zero-carbon
emissions target, i.e., these systems do not require fuel to be consumed in the DF engines. Fig.
8a shows that the specific consumption of any of the three ORC open-loop systems analysed is
significantly lower than that of the most efficient conventional regasification system (SW-OL).
Specifically, the P-ORC, ORC and ORC-OC systems reduce the specific energy consumption
compared to SW-OL by 43.51, 77.14 and 86.99 %, respectively. Regarding the exergy analysis,
Fig. 8b shows that the P-ORC, ORC and ORC-OC systems increase the efficiency by 3.99,
14.35 and 17.82 % with respect to the same open-loop regasification system. The systems
analysed in this study do not achieve zero specific energy consumption, nor do they reach the
exergy efficiencies of 20RC-OC and 30RC-OC systems, but the ORC-OC system offers
thermodynamic results closer to zero-carbon emission systems than to conventional
regasification systems.
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Fig. 8 Thermodynamic comparison of the regasification systems analysed in this study with those of the works
[26,27,40]: a) specific energy consumption, b) FSRU exergy efficiency.

Fig. 9 provides the EERI and CFRI of the above systems to compare the CO2 emissions
during the regasification process on board the FSRU. In addition, two regasification systems
previously evaluated in [9] have also been included: seawater system burning the BOG
exceeding the consumption of the DF engines in the GCU (GCU-OL) and open-loop propane
system with cold energy recovery by means of a simple ORC (ORC-OL) The comparison of
the indicators is performed considering the same LNG composition in the regasification
systems, which corresponds to the one presented in Table A. 3. The ORC-OL system is identical
to the P-ORC, but gives slightly different results due to the different fluid packages
implemented. The EERI values presented in Fig. 9a are a reflection of those obtained for the
specific energy consumption in Fig. 8a. Regarding the CFRI, the three open-loop systems
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analysed give in Fig. 9b a value of this indicator significantly lower than that obtained for
conventional regasification systems. However, when comparing the CFRI of the three systems
with the ORC-CC-CL, only the ORC-OC can achieve a lower level of CO2e emissions,
specifically, it reduces the CFRI by 22.46 %, being the closest system to zero-carbon emission
systems (20RC-OC and 30RC-OC systems).
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Fig. 9 Environmental comparison of the regasification systems analysed in this study with those of the works
[9,26,40]: a) EERI, b) CFRI.

The three systems evaluated in this study are compared economically in Fig. 10 with the
regasification systems that have been installed on FSRUs and the zero-carbon emission
systems. The P-OL system is the most inexpensive of the conventional systems if the LNG
price is above 1.320 USD/MMBtu. However, the P-ORC, ORC and ORC-OC systems have a
lower total cost rate than the P-LA system if the fuel price is above 4.997, 5.905 and 6.508
USD/MMBLtu (intersection points of the systems with respect to P-LA), respectively. The effect
of the interest rate and the DO price at the intersection point of the three systems with the P-LA
is shown in Figs. A 1 and A 2. Specifically, Fig. A 1 shows how the total cost rate varies at this
point, while Fig. A 2 gives the corresponding LNG price. Both figures reveal that a low project
interest rate and a high DO price leads to a lower total cost rate and LNG price at the intersection
point and, consequently, widen the LNG price range where it is more economical to adopt the
three evaluated systems with cold energy utilisation. However, the interest rate has a more
significant impact than the DO price due to the low consumption of this hydrocarbon during
the BOG combustion process in DF engines. If the regasification systems analysed in this study
are compared with the most economical of the zero-carbon emission systems, i.e., the 20RC-
OC system, the intersection point occurs when the total cost rate is equal to 29.943 USD/min
(36.188 USD/min in the case of the 30ORC-OC system). This is because the total cost rate of
the latter systems is not influenced by the price of LNG and DO, as they do not have fuel
consumption. Therefore, P-ORC, ORC and ORC-OC systems are more cost effective than zero-
carbon emission systems when the LNG price is below 12.016, 19.299 and 25.496
USD/MMBLtu, respectively.

In summary, the three cold energy utilisation systems analysed in this paper offer lower
specific energy consumption and higher exergy efficiency than the conventional regasification
systems adopted in FSRUSs. This implies lower fuel consumption and a significant reduction of
GHG emissions during the regasification process on board. The system with the best
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thermodynamic and environmental performance is the ORC-OC. The level of GHG emissions
for the ORC-OC is lower than that of the ORC-CC-CL, although the latter avoids fuel
consumption in the DF engines and captures 90 % of the CO. emissions from the boiler.
Regarding the economic analysis, any of the three systems is suitable to replace conventional
regasification systems, as the minimum LNG prices for these systems to be cost-effective are
lower than hydrocarbon prices both now and before the Covid-19 pandemic. When comparing
the regasification systems analysed in this study with zero-carbon emissions systems, the
thermodynamic and environmental results are worse, but not the economic performance.
Therefore, they represent an intermediate alternative between conventional regasification
systems and zero-carbon emission systems. Specifically, the ORC-OC system is the best
positioned as it shows the widest LNG price range with the lowest total cost rate (6,508-25,496
USD/MMBtu).
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Fig. 10 Total cost rate comparison of the regasification systems analysed in this study with those of the works
[26,27].

5. Conclusions

In this paper, an open-loop regasification system for FSRUs that combines a simple ORC
with an OC (ORC-OC) to reduce GHG emissions during the regasification process from an
energy, exergy, economic and environmental standpoint. The main conclusions of the study are
as follows:

— The composition of the LNG to be regasified influences the electrical power

produced by the system and, consequently, the power to be generated by the FSRU's
power generation plant, i.e., the DF engines. This is particularly relevant when a
zeotropic ethane/propane mixture is used as the ORC working fluid in order to
minimise the power to be produced by the DF engines. Thus, the ORC-OC system
with the working fluid optimal composition reduces the power to be generated in the
DF engines up to 84.35 and 55.73 % with respect to the P-ORC (simple ORC with
pure propane) and ORC (simple ORC with zeotropic mixture), respectively. These
values decrease to 73.37 and 54.40 % if a real LNG composition with 89 % methane
is used (Table A. 3).

— The energy analysis indicates that the ORC-OC system reduces the specific energy

consumption of the FSRU by 76.97 and 59.54 % compared to the P-ORC and ORC,
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respectively, offering a more efficient cold energy recovery system than those
commonly considered in publications. In addition, the ORC-OC system has the
highest exergy efficiency and the lowest CFRI. Regarding the latter parameter, the
proposed system reduces CO2e emissions by 78.40 and 60.53 % when compared to
P-ORC and ORC systems. Regarding the economic analysis, the ORC-OC system is
more economical than the other two systems if the LNG price is higher than 8.065
and 11.298 USD/MMBtu, respectively.

— The comparison of the systems considered in this study with the conventional

regasification systems adopted in the FSRUs suggests that the ORC-OC system
offers a more efficient and environmentally friendly regasification process. If the
most efficient conventional regasification system, i.e., the seawater system (SW-
OL), is taken as a reference, the ORC-OC reduces the specific energy consumption
by 86.99 % and increases the energy efficiency by 17.82 %, obtaining a significant
reduction in fuel consumption and, consequently, in GHG emissions. Compared to
the most economical regasification system installed on board, the propane open loop
(P-OL) system, the ORC-OC system has a lower total cost rate if the LNG price is
higher than 6.508 USD/MMBtu. Considering both current and pre-Covid-19 LNG
prices, the proposed system offers a more economical regasification system for a
wide range of hydrocarbon prices.

— The regasification systems analysed in this paper are an intermediate alternative to
the zero-carbon emissions regasification systems (20RC-OC and 30ORC-0OC
systems). Although the systems evaluated do not achieve zero fuel consumption,
they are more attractive from an economic point of view. Specifically, the ORC-OC
system is the closest to the zero-carbon emission target and shows the widest LNG
price range where it is economical, representing the best alternative for installation
on a regasification vessel.

The utilisation of the LNG cold energy can improve energy efficiency and drastically

reduce GHG emissions from the regasification process of FSRUSs. Investment in regasification
systems capable of exploiting cold energy becomes imperative if a more environmentally
friendly regasification process is to be achieved.
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APPENDIX A

Table A. 1 General specifications of the model FSRU [40]

ltem Value

Type of LNG storage tanks

MARK I11, maximum vapour pressure of 0.7 bar(g) and
boil off rate (BOR) of 0.15 %

Cargo capacity 170 000 m®

Type of LD compressor 2 stage centrifugal compressor with pre-cooling

Maximum / baseload

e . : 750 mmscfd / 500 mmscfd
regasification capacity

Propulsion system Dual fuel diesel electric (DFDE)

3 x Wirtsild 12V50DF (11.4 MW)

Engines o
1 x Wirtsild 6L50DF (5.7 MW)
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Table A. 2 Specific energy consumption of 50DF engines [27]

Load Specific energy consumption
(%) (kJ/KW h) _
Natural gas Pilot DO
25 11922.7 234.4
50 9286.7 77.2
75 8258.4 30.1
100 7665.4 19.2

Table A. 3 Composition of NG measured on board an FSRU [12]

Component Mole fraction
Methane 0.89018
Nitrogen 0.00007

Carbon dioxide 0.00000
Ethane 0.07974
Propane 0.02291
i-Butane 0.00322
n-Butane 0.00371
i-Pentane 0.00014
n-Pentane 0.00002
n-Hexane 0.00001
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Table A. 4 Parameters assumed in the study of regasification systems

Sea water pump discharge pressure

Parameter Value
LNG tank pressure 1.16325 bar
BOG temperature from tank -100 °C
Regasified NG mass flow rate 111.19 ka/s
Regasified NG pressure 85 bar
Regasified NG temperature 10 °C
Pumps and turbines isentropic efficiency 80 %
Pumps and turbines electromechanical efficiency 90 %
Feed pump discharge pressure 9 bar
LD isentropic efficiency 55 %
LD electromechanical efficiency 80 %
BOG temperature after the mixer -120 °C
LD discharge pressure 6 bar
Recondenser pressure 5.5 bar
Minimum temperature difference in heat exchangers 5°C
Pressure drop in heat exchangers 0.5 bar
Condensation pressure 1.5 bar
LNG pressure drop through CD-1 21 bar
NG pressure drop through heat exchangers 2 bar
Sea water inlet temperature 15°C
Sea water outlet temperature 10 °C
Sea water inlet pressure 1.01325 bar
7.5 bar

69




Manuel Naveiro, Manuel Romero Gémez, Energy, exergy, economic and environmental analysis of
Ignacio Arias-Fernandez, Alvaro Baalifia Insua a regasification system integrating simple ORC and LNG
open power cycle in floating storage regasification units

Table A. 5 Thermodynamic data of the P-ORC system

State Quality T p h s ePh m

) ©C) | (bar) (kIkg) | (KIkgK) | (kakg) | (kgls)
1 0.0000 | -159.89 | 1.16325 -5573.11 4.8145 21.28 110.73
2 0.0000 | -159.49 9.00 -5570.79 4.8205 334.78 110.73
3 0.0000 | -159.37 5.50 -5570.79 4.8269 259.86 110.73
4 0.0000 | -158.34 5.50 -5567.17 4.8586 259.86 111.19
5 0.0000 | -152.92 | 110.00 -5536.00 4.9369 691.43 111.19
6 0.0000 | -159.89 | 1.16325 -5573.11 4.8145 21.28 0.05
7 0.0000 | -159.89 | 1.16325 -5573.11 4.8145 21.28 0.05
8 0.0000 | -159.89 | 1.16325 -5573.11 4.8145 21.28 0.00
9 1.0000 | -120.00 | 1.16325 -4979.77 9.9474 21.28 0.00
10 1.0000 | -100.00 | 1.16325 -4938.05 10.2034 21.28 0.70
11 1.0000 | -100.00 | 1.16325 -4938.05 10.2034 21.28 0.70
12 1.0000 | -120.00 | 1.16325 -4979.77 0.9474 21.28 0.74
13 0.0000 | -120.00 | 1.16325 -5418.49 5.9764 21.28 0.00
14 1.0000 | -120.00 | 1.16325 -4979.77 0.9474 21.28 0.74
15 1.0000 17.43 6.00 -4692.66 10.4433 273.13 0.74
16 1.0000 17.43 6.00 -4692.66 10.4433 273.13 0.46
17 1.0000 17.17 5.50 -4692.66 10.4878 259.86 0.46
18 1.0000 17.43 6.00 -4692.66 10.4433 273.13 0.29
19 1.0000 35.00 5.90 -4652.48 10.5861 270.57 0.29
20 1.0000 35.00 5.90 -4652.48 10.5861 270.57 0.29
21 1.0000 35.00 5.90 -4652.48 10.5861 270.57 0.00
22 1.0000 -30.30 87.00 -4946.94 8.2214 661.25 111.19
23 1.0000 10.00 85.00 -4807.86 8.7622 658.21 111.19
24 0.0000 -32.84 1.50 -2867.36 1.5179 21.60 154.09
25 0.0000 -32.56 5.77 -2866.43 1.5189 93.23 154.09
26 1.0000 3.55 5.27 -2407.57 3.1994 88.62 154.09
27 1.0000 -25.09 2.00 -2442 .31 3.2345 37.30 154.09
28 0.0000 15.00 1.01325 15 907.22 5.0369 0.00 3958.14
29 0.0000 15.05 7.50 -15906.41 5.0375 0.65 3958.14
30 0.0000 15.05 7.50 -15906.41 5.0375 0.65 710.36
31 0.0000 10.00 1.01325 | -15928.18 4.9635 0.00 710.36
32 0.0000 15.05 7.50 -15906.41 5.0375 0.65 3247.77
33 0.0000 10.00 1.01325 | -15928.18 4.9635 0.00 3247.77
34 0.0000 36.00 2.50 -15 819.26 5.3311 0.15 8.33
35 0.0000 35.67 2.35 -15 820.63 5.3267 0.13 8.33
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Table A. 6 Thermodynamic data of the ORC system

State Quality T p h s ePh m

) ©C) | (bar) (kIkg) | (KIkgK) | (kakg) | (kgls)
1 0.0000 | -159.89 | 1.16325 -5573.11 4.8145 1071.14 | 110.56
2 0.0000 | -159.49 9.00 -5570.79 4.8205 1071.68 | 110.56
3 0.0000 | -159.37 5.50 -5570.79 4.8269 1069.75 | 110.56
4 0.0000 | -157.95 5.50 -5565.81 4.8704 1061.77 | 111.19
5 0.0000 | -152.51 | 110.00 -5534.60 4.9485 1069.69 | 111.19
6 0.0000 | -159.89 | 1.16325 -5573.11 4.8145 1071.14 0.05
7 0.0000 | -159.89 | 1.16325 -5573.11 4.8145 1071.14 0.05
8 0.0000 | -159.89 | 1.16325 -5573.11 4.8145 1071.14 0.00
9 1.0000 | -120.00 | 1.16325 -4979.77 9.9474 134.10 0.00
10 1.0000 | -100.00 | 1.16325 -4938.05 10.2034 99.48 0.70
11 1.0000 | -100.00 | 1.16325 -4938.05 10.2034 99.48 0.70
12 1.0000 | -120.00 | 1.16325 -4979.77 0.9474 134.10 0.75
13 0.0000 | -120.00 | 1.16325 -5418.49 5.9764 879.32 0.00
14 1.0000 | -120.00 | 1.16325 -4979.77 0.9474 134.10 0.75
15 1.0000 17.43 6.00 -4692.66 10.4433 273.35 0.75
16 1.0000 17.43 6.00 -4692.66 10.4433 273.35 0.63
17 1.0000 17.17 5.50 -4692.66 10.4878 260.09 0.63
18 1.0000 17.43 6.00 -4692.66 10.4433 273.35 0.11
19 1.0000 35.00 5.90 -4652.48 10.5861 270.95 0.11
20 1.0000 35.00 5.90 -4652.48 10.5861 270.95 0.11
21 1.0000 35.00 5.90 -4652.48 10.5861 270.95 0.00
22 1.0000 -58.19 87.00 -5094.00 71.5742 727.43 111.19
23 1.0000 10.00 85.00 -4807.86 8.7622 659.37 111.19
24 0.0000 -75.78 1.50 -3298.17 2.7132 276.59 105.07
25 0.0000 -74.84 17.59 -3294.56 2.7179 278.79 105.07
26 1.0000 10.05 17.09 -2743.80 4.8374 197.62 105.07
27 0.9424 -53.19 2.00 -2831.90 49378 79.58 105.07
28 0.0000 15.00 1.01325 15 907.22 5.0369 0.72 4119.23
29 0.0000 15.05 7.50 -15906.41 5.0375 1.36 4119.23
30 0.0000 15.05 7.50 -15906.41 5.0375 1.36 1461.35
31 0.0000 10.00 1.01325 | -15928.18 4.9635 1.64 1461.35
32 0.0000 15.05 7.50 -15906.41 5.0375 1.36 2657.88
33 0.0000 10.00 1.01325 | -15928.18 4.9635 1.64 2657.88
34 0.0000 36.00 2.50 -15 819.26 5.3311 0.98 8.33
35 0.0000 35.87 2.35 -15819.81 5.3293 0.94 8.33
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Table A. 7 Thermodynamic data of the ORC-OC system

Manuel Naveiro, Manuel Romero Gémez,
Ignacio Arias-Fernandez, Alvaro Baalifia Insua

State Quality T p h s ePh m

) C) (bar) (kJ/kg) (kIkg K) | (kikg) | (kg/s)
1 0.0000 -159.89 1.16325 -5573.11 4.8145 1071.14 110.51
2 0.0000 -159.49 9.00 -5570.79 4.8205 1071.68 110.51
3 0.0000 -159.37 5.50 -5570.79 4.8269 1069.75 110.51
4 0.0000 -156.94 5.50 -5562.26 4.9010 1056.17 120.49
5 0.0000 -151.43 110.00 -5530.94 49787 1064.34 120.49
6 0.0000 -159.89 | 1.16325 -5573.11 4.8145 1071.14 0.05
7 0.0000 -159.89 1.16325 -5573.11 4.8145 1071.14 0.05
8 0.0000 -159.89 1.16325 -5573.11 4.8145 1071.14 0.00
9 1.0000 -120.00 1.16325 -4979.77 9.9474 134.10 0.00
10 1.0000 -100.00 | 1.16325 -4938.05 10.2034 99.48 0.70
11 1.0000 -100.00 1.16325 -4938.05 10.2034 99.48 0.70
12 1.0000 -120.00 1.16325 -4979.77 9.9474 134.11 0.75
13 0.0000 -120.00 1.16325 -5418.49 5.9764 879.33 0.00
14 1.0000 -120.00 1.16325 -4979.77 9.9474 134.10 0.75
15 1.0000 17.43 6.00 -4692.66 10.4433 273.35 0.75
16 1.0000 17.43 6.00 -4692.66 10.4433 273.35 0.68
17 1.0000 17.17 5.50 -4692.66 10.4878 260.10 0.68
18 1.0000 17.43 6.00 -4692.66 10.4433 273.35 0.06
19 1.0000 35.00 5.90 -4652.48 10.5861 270.95 0.06
20 1.0000 35.00 5.90 -4652.48 10.5861 270.95 0.06
21 1.0000 35.00 5.90 -4652.48 10.5861 270.95 0.00
22 1.0000 10.00 85.00 -4807.86 8.7622 659.37 9.30
23 1.0000 -117.34 6.00 -4989.16 9.0731 385.37 9.30
24 0.0000 -146.42 5.50 -5524.60 5.2112 1001.36 9.30
25 0.0000 -138.81 89.00 -5489.61 5.3371 098.81 120.49
26 1.0000 -56.28 87.00 -5080.73 7.6357 722.37 120.49
27 1.0000 10.00 85.00 -4807.86 8.7622 659.37 120.49
28 1.0000 10.00 85.00 -4807.86 8.7622 659.37 111.19
29 0.0000 -75.00 1.50 -3278.93 2.6523 269.99 105.14
30 0.0000 -74.12 16.59 -3275.56 2.6567 272.06 105.14
31 1.0000 10.05 16.09 -2724.73 4.7751 191.29 105.14
32 0.9466 -51.28 2.00 -2810.37 4.8718 76.82 105.14
33 0.0000 15.00 1.01325 15907.22 5.0369 0.72 4170.20
34 0.0000 15.05 7.50 -15906.41 5.0375 1.36 4170.20
35 0.0000 15.05 7.50 -15906.41 5.0375 1.36 1510.11
36 0.0000 10.00 1.01325 -15928.18 4.9635 1.64 1510.11
37 0.0000 15.05 7.50 -15906.41 5.0375 1.36 2660.08
38 0.0000 10.00 1.01325 -15928.18 4.9635 1.64 2660.08
39 0.0000 36.00 2.50 -15819.26 5.3311 0.98 8.33
40 0.0000 35.93 2.35 -15 819.57 5.3301 0.95 8.33
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Table A. 8 Molar compositions and chemical exergies of the P-ORC system

Manuel Naveiro, Manuel Romero Gomez,
Ignacio Arias-Fernandez, Alvaro Baalifia Insua

State Composition (mol %) et
Methane Ethane Propane Water (kJ/kQg)
1-23 100.00 0.00 0.00 0.00 51 480.00
24-27 0.00 0.00 100.00 0.00 -
28-35 0.00 0.00 0.00 100.00 -
Table A. 9 Molar compositions and chemical exergies of the ORC system
State Composition (mol %) et
Methane Ethane Propane Water (kJ/kg)
1-23 100.00 0.00 0.00 0.00 51 480.00
24-27 0.00 76.00 24.00 0.00 -
28-35 0.00 0.00 0.00 100.00 -
Table A. 10 Molar compositions and chemical exergies of the ORC-OC system
State Composition (mol %) et
Methane Ethane Propane Water (kJ/kg)
1-28 100.00 0.00 0.00 0.00 51 480.00
29-32 0.00 73.00 27.00 0.00 -
33-40 0.00 0.00 0.00 100.00 -
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a) P-ORC, b) ORC, c) ORC-OC.
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