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ARTICLE INFO ABSTRACT
Keyword: The regasification of liquefied natural gas releases low-temperature thermal energy, which is usually wasted.
Liquefied natural gas regasification Most initiatives to recover this cold mainly focus on large-scale harbour terminals rather than on small-scale

Satellite LNG terminals

Cold recovery

Energy efficiency improvement
Sustainable refrigeration
Techno-economic potential

applications in satellite facilities. This paper proposes a new system configuration that can be used to exploit
liquefied natural gas cold as a by-product of regasification in satellite plants supplying sub-zero refrigeration in
agro-food industries. Cold is applied indirectly to lower the condensation temperature of the vapour-compression
chillers which handle the thermal load of cold rooms. The system seeks to boost efficiency, an effect that would
be more marked in warm climates. Performance is best when the peak refrigeration load matches the maximum
cold thermal energy available from the regasification site. When this is the case, the annual electricity saving is
9-22% more than when a conventional refrigeration system is used with wet cooling towers and with no lig-
uefied natural gas cold recovery. The economic potential of the system is assessed with a Monte Carlo analysis.
The cost of producing refrigeration throughout the system’s lifetime can be reduced by 5-15% with respect to the
conventional reference system in warm/temperate locations and for large/medium plant sizes. However, the
system is no so competitive in economic terms for cold locations and small-size plants.

(regasified) and supplied to final consumers. The cold thermal energy
released throughout this process is usually wasted in most regasification
terminals worldwide [5], although it can be recovered and used as a by-
product for numerous industrial applications [6]. Indeed, there is a
considerable amount of literature that discusses how to overcome the
barriers to widespread LNG cold utilization [4]. Although most studies
have focused on configurations and technologies for power generation
[7] as well as on their performance under different working conditions
[8]. But there are many other applications beyond electricity generation
to use LNG cold, as indicated in [9]. For instance, air liquefaction (e.g.,
in air separation units [10] or liquid air energy storage, LAES [11]),
liquefaction of carbon dioxide (CO5) [12] (e.g., for post-combustion CO,
capture [13]), hydrocarbon separation [14], refrigeration (e.g., ware-
houses [15], data centres [16] or district cooling networks [4]), desa-
lination [17], hydrogen production [18] and so forth.

Authors have also investigated combining different applications
using cascaded polygeneration schemes to extend the efficiency of
single-application configurations. For instance, systems for the simul-
taneous production of power and refrigeration at different temperatures
[19], with renewable energy sources [20] and the production of heating

1. Introduction

Energy transition is crucial in response to one of the major challenges
of this century: climate change. The use of low-carbon primary energies
and the increase in renewable energies in the energy mix is essential if
greenhouse gas (GHG) emissions are to be reduced and global temper-
atures are to be kept below the limits agreed [1].

However, a drastic transformation of the current energy model
(mainly based on oil and coal) is by no means a trivial issue and cannot
be addressed overnight. In this regard, natural gas will play a key role as
an energy source to transition towards a decarbonized economy largely
because its carbon footprint is lower and it emits fewer air pollutants
than other fossil fuels. Despite the demand shock caused by the Covid-19
pandemic, the gas trade has shown resilience [2] and the global demand
for its cryogenic liquid form (i.e., liquefied natural gas — LNG) has
continued to grow [3]. In addition to the benefits of transporting natural
gas as LNG instead of using pipelines [4], LNG is an attractive cold
thermal energy source because of its very low temperature (111-143 K).

At receiving terminals, LNG is heated up to ambient temperature
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Nomenclature

Abbreviations

Al...A10 Ammonia state points

C1,C2 CO, state points

CTES Cold thermal energy storage
DBHE  Double-bundle heat exchanger
EG Ethylene glycol

GHGs Greenhouse gases

HE Heat exchanger

L Large system size

L1...L6 LNG state points

LAES Liquid air energy storage

LHV Lower heating value

LNG Liquefied natural gas

M Medium system size

S Small system size

VCR Vapor-compression refrigeration
W1...WB Cooling water state points
Variables

COEF Chances of economic feasibility, %
Cp Specific heat, kJ/(kg-K)

D Energy demand, kWh

EER Energy efficiency ratio, W/W
EF Emission factor

Ex Exergy, kJ/kg

FCI Fixed capital investment

h Enthalpy, kJ/kg

LCOR Levelized cost of refrigeration, USD/kWh
m Mass flow rate, kg/s

) Pressure, kPa

PEC Purchased equipment cost
PLR Part load ratio

RCI

%)

-

TCI
UA
A
w

Greek letters

a3
A

n
T

&

Subscripts

0
C
ct
E
el

Heat flux, kW

Refrigeration capacity index

Entropy, kJ/(kg-K)

Temperature, K

Time, s

Total capital investment

Overall heat transfer coefficient, W/K
Volume, m®

Electric power, kW

Refrigeration load factors
Difference

Efficiency, %
Temperature factor
Activity factor

Reference environment (exergy calculations)
Compressor

Cooling tower

Electric output of power plant
Electricity (consumption)
Exergetic

Internal combustion engine
Isentropic

Mean, motor

Maximum, peak

Outdoor

Physical (exergy)
Refrigeration

Room (indoor space)
Reference
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Fig. 1. Schematic diagram of the LNG supply chain from harbour terminals to satellite plants recovering cold energy from LNG-regasification.

[21], liquid fuels [22] and many other possibilities. A suitable trade-off
between efficiency and simplicity will determine the techno-economic
feasibility and the chances for future implementation of LNG-based

polygeneration systems [23].

Nevertheless, most of the research on this topic and the very few
projects that have already been executed (mostly in Japan) focus on
large-scale terminals. In contrast, little research has been done on small-

scale cold energy recovery in regasification facilities in areas where
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there are no natural gas distribution pipelines. These plants are
commercially known as “satellites” because they depend on LNG deliv-
ered via virtual pipelines (i.e., road, railway, or sea) from a central LNG
terminal with a much higher storage capacity (typically, harbour ter-
minals supplied by LNG vessels).

1.1. Liquefied natural gas cold recovery in satellite terminals

As illustrated in Fig. 1, and as occurs in large-scale regasification
plants, the use of cold thermal energy as a regasification by-product
enables the energy consumed in the liquefaction stage to be partially
recovered.

Small-scale LNG is an expanding market that facilitates the supply of
energy to remote areas or off-grid locations [24], and promotes the
integration of renewable energy sources [25] and the development of
distributed and more flexible energy systems [26]. Hence, satellite
plants support sustainable development and have social benefits because
they can provide new job opportunities in rural areas with problems of
depopulation and thus contribute to local economies.

The growth in the number of satellite LNG plants is particularly
pronounced in China [27]. In Spain there are nearly 900 satellite LNG
plants [28] and in Japan there are around ten new satellite plants per
annum [29]. Other countries, such as Norway, Netherlands, Turkey,
Portugal, or Switzerland, are also active in the small-scale LNG business
and it is expanding in South America. As a result, there are thousands of
satellite regasification facilities where LNG cold thermal energy could be
recovered and, for example, used for refrigeration in adjacent ware-
houses, thus contributing to the sustainability of their refrigeration
systems. It could even be used in the new model of cooling as a service
(CaaS [30]). Besides, the deployment of the liquefied biomethane (bio-
LNG [31]) industry further promotes the possibility of new satellite fa-
cilities with efficient regasification.

To date, however, small-scale LNG cold utilization has been the topic
of very little research. Xu et al. [32] proposed a novel air separation
process using LNG cold that could potentially be applied in satellite
plants. In [33] an optimized analysis was presented of a pioneer
demonstration project for storing the cold recovered from LNG-
regasification in a satellite plant in China, where the importance of
LNG and satellite plants has been highlighted by Lin et al. [34]. Roszak
and Chorowski [35] proposed using low-temperature LNG to fill
adsorbed natural gas tanks. Ning et al. [36] analysed a small-scale sys-
tem for the combined production of power and cold at different tem-
perature levels. Kanbur et al. studied various micro-cogeneration
systems that used LNG cold: for instance, a micro gas turbine (MGT)
system [37] or cycles that combine a MGT with a Stirling engine and
thermal energy storage [38], and also with CO, capture [39]. The au-
thors used finite sum models to forecast the performance of these small-
scale configurations [40] and performed life cycle analysis to evaluate
their feasibility [41]. Zhao et al. [42] also proposed the use of LNG cold
for small-scale COy capture applications in the magnesite processing
industry.

To the authors’ knowledge, the few publications on satellite plants
have overlooked the use of LNG cold for refrigeration applications. In a
recent doctoral thesis produced by the authors’ group entitled “Exergy
recovery from LNG-regasification for polygeneration of energy” [43],
various system configurations mostly engineered for large-scale regasi-
fication applications were proposed and analysed. Nonetheless, the
thesis also included a chapter on satellite stations. It consisted of a
preliminary feasibility study of various configurations and scenarios for
exploiting low-temperature LNG for foodstuff refrigeration applications
in warehouses located right next to the regasification site. This paper
makes a detailed analysis of the case discussed in that thesis that proved
to be the most attractive from a techno-economic perspective.

Very few commercial companies engage in activities and initiatives
in the small-scale LNG cold recovery business. In 2015 Kalte-Klima-
Sachsen GmbH [44] built a pilot satellite facility producing 3.3 kW of
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refrigeration at —50 °C from LNG cold. Its partner company Eco Ice Kalte
GmbH [45] worked on a regasification system (consisting of a heat
exchanger and a brine circuit but no electric compressors) with cold for
commercial refrigeration (<100 kW) and freezing and air conditioning
applications. Then, in 2018 this business was transferred to LNGCold
Solutions GmbH [46].

Currently, LNG cold recovery in satellite plants is far from wide-
spread because there are technical and non-technical hurdles that pre-
vent further implementation of LNG cold recovery systems [20]. Some of
the most noteworthy, which particularly affect use for foodstuff refrig-
eration applications, are the following [43]:

e Less cold thermal energy available from regasification than in
large-scale harbour terminals because of the typically much lower
LNG send-out rates (usually < 1 million metric tonnes per annum,
MTPA).

Higher LNG storage temperature (see Fig. 1) because of heat gains
along the transport chain and during the storage period in cryogenic
tanks. This reduces the exergetic potential.

Fluctuating gas send-out rate and/or downtime periods (e.g.,
due to scheduled maintenance tasks) in most types of satellite plants
and, therefore, variable availability of cold thermal energy from the
LNG-regasification.

Mismatch (in time and amount) between natural gas and
refrigeration demand profiles.

The last two technical issues introduce a dramatic uncertainty as
regards the reliability of a system that aims to use LNG cold for refrig-
eration supply. Since refrigeration outages may break the cold chain of
foodstuffs, there is little chance that only the cold thermal energy
recovered from LNG-regasification will be sufficient to supply the
refrigeration load of cold rooms. Thus, backup refrigeration machines
and equipment such as cooling towers will be required regardless of
whether LNG cold is recovered or wasted. This damages the economic
perspectives. For a standalone configuration consisting only of heat
exchangers, the capital investment and maintenance expenses are
higher, the energy management is more complex, and the electricity-
saving potential is lower [43].

Depending on the type of satellite terminal and the refrigeration
needs from neighbouring warehouses in relation to the LNG cold ther-
mal energy available, the factors mentioned above may affect the
technical feasibility of using LNG cold thermal energy for refrigeration
applications to one extent or another. As far as type is concerned, sat-
ellite regasification plants can be classified in terms of how the natural
gas supplied will be used and the number of users provisioned. For
instance, satellite plants can supply natural gas to industries or electric
power plants (i.e., baseload, peak shaving) for mining activities or for
the refuelling of vehicles, or they can feed natural gas into the local
distribution network of small towns or villages.

In particular, satellite LNG terminals for power plants [47] (with
typical electrical power outputs in the range 1-300 MW) are gaining
popularity in the small-scale LNG industry. These plants allow for fuel
shifting from coal/diesel/fuel oil to LNG [48] with a competitive price,
lower environmental impact and higher operational flexibility [49], and
have the added value that they produce clean refrigeration if the cold
from LNG-regasification is recovered [50]. The new energy policies in
Indonesia [51] and other insular countries like Greece [52] or the
Philippines [53] are based on switching to LNG. The main power plant in
Gibraltar (82 MW) is an example of successful fuel shifting from diesel to
LNG supplied from a small-scale regasification facility [54].

1.2. Objective
This paper addresses the recovery of cold thermal energy from LNG

regasification in satellite terminals and its indirect use for refrigerating
frozen foodstuffs. The objective is to evaluate the techno-economic
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Fig. 2. Schematic layout of the use of the low-temperature thermal energy recovered from LNG (or bio-LNG) regasification in a satellite terminal for a power plant.

feasibility of a new system configuration that uses the cold recovered to
boost the efficiency of vapor-compression chillers. The system proposed
will contribute to reducing the carbon footprint of both the LNG supply
chain and the food cold chain. Although the paper focuses in particular
on fossil LNG, the system is compatible with the regasification of more
environmentally friendly cryogenic fuels, such as bio-LNG [31], or can
even take advantage of the cold thermal energy released from the

discharge of LAES.

The paper is organised as follows. After the introduction and the
objective, section 2 presents a detailed description of the structure and
how the energy plant operates. The selection of the technologies and
heat transfer fluids is justified. Then, the modelling is explained and
some performance indicators given. The results are presented and dis-
cussed in section 3, from a technical and economic perspective. Finally,
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Table 1

Design simulation parameters.
Parameter Value
LNG tank temperature (Ty), °C —145
LNG tank pressure (p1o), kPa 328.2
Regasified NG supply temperature (Ty6), °C 5
LNG regasification pressure ?, kPa 800
LNG temperature at the outlet of HE-1 (Tj3), °C -70
EG-water inlet/outlet (Tg; / Tg2) temperature in the DBHE, °C 1/-5
Temperature of water leaving the heat exchanger HE-2 (Ty»), °C 2
Set-point temperature of the CTES (bottoming node), °C 3
Cooling water inlet/outlet (Tws / Twe) temperature in the cooling tower, 37 /32

°C

Cooling water temperature rise in the ammonia condenser (Twg — Twa), °C 5

@ Gas feed pressure suitable for commercial engines [48].
the conclusions are given in section 4.
2. Description and modelling of the system

The energy plant considered in this paper consists of a satellite ter-
minal that supplies gas to a power plant connected to the electrical grid.
In this scenario, the electricity generation curve determines the avail-
ability of cold from the regasification. A baseload power station is
assumed: the gas demand is constant, so there is always cold thermal
energy available from the regasification site (except in downtime pe-
riods). Of the many types of satellite plant, this is one of the most
favourable for LNG cold utilization [43].

2.1. Description and operation of the system

Fig. 2 shows the schematic layout of the configuration studied. The
cold thermal energy released from the regasification process is recov-
ered and exploited for low-temperature refrigeration applications in the
cold storage rooms of a neighbouring agro-food industry warehouse.

The scheme proposed maintains the structure and main equipment of
a conventional refrigeration system. This is a non-intrusive solution that
provides a great deal of operational flexibility and reliability concerning
the refrigeration supply. A vapour-compression refrigeration (VCR)
machine deals with the thermal load of the cold rooms where frozen
foods are kept at —18 °C. The condensation heat of the refrigeration
cycle can be rejected through a closed-circuit and mechanical draft
cooling tower where the temperature of the cooling medium (water)
decreases but is always above the ambient wet-bulb temperature.

The goal of this new configuration is to achieve lower temperatures
of the cooling medium, thereby reducing the electricity consumed by the
compressor of the VCR machine. This is based on the thermodynamic
principle that the efficiency of a refrigeration cycle (expressed by the
Energy Efficiency Ratio, EER, which is defined as the ratio of the
refrigeration capacity to the electricity consumed by compression) en-
hances as the condensation temperature of the refrigerant decreases.

As shown in Fig. 2, a cold thermal energy storage (CTES) unit is
introduced as a low-temperature heat sink to accomplish this efficiency-
boosting objective. A kind of underground concrete tank full of water
(the most economical thermal fluid because of the large volumes
involved), the CTES is indirectly cooled by the LNG cold thermal energy
rejected throughout the regasification process in the satellite terminal.
Thus, the temperature of the cooling water can be below the ambient air
temperature. And unlike wet cooling towers, the CTES operates without
continuous consumption of makeup water.

The system operates as follows (Fig. 2). A fraction of the LNG stream
(at —145 °C) pumped from the cryogenic tanks (stream L1) goes directly
to an ambient air vaporizer (AAV) to be regasified. The remaining
fraction is sent to the heat exchanger HE-1 where the LNG indirectly
absorbs the heat rejected from the primary heat transfer media (stream
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E1) pumped by the pump P1. Then, the regasified natural gas is super-
heated in an AAV. In the heat exchanger HE-2, the primary fluid stream
E2 absorbs the sensible heat of the water stream W1 pumped by the
pump P2 from the top level of the CTES. Afterwards, the cooled water
stream W2 leaving the heat exchanger HE-2 is discharged at the bottom
of the CTES to promote thermal stratification.

The energy management of the system is also a critical issue. To
avoid further freezing problems, the controller turns off pumps P1 and
P2 and closes valve V1 if the bottoming temperature of the tank falls to
2 °C. Once it rises above 4 °C the controller starts up pumps P1 and P2
and reopens valve V1. Notice that whenever valve V1 is closed, the
whole stream L1 is sent to an AAV, so the LNG cold thermal energy is
fully wasted. In addition, the controller can check at each timestep that
streams E1 and W1 are above their freezing point, thus preventing the
equipment from being damaged.

The system is also designed to use the CTES as the heat sink of the
VCR machine as long as its bottoming temperature is below 11 °C. Thus,
the cold-water stream W3 pumped from the bottom of the CTES absorbs
the condensation heat from the refrigeration cycle, and the heated-up
stream W4 returns to the CTES. However, if the bottoming tempera-
ture of the CTES rises above the cut-off limit, the controller turns off
pump P3 and starts pump P4, and valve V2 diverts the flow stream WB
towards the cooling tower. The objective is to keep the temperature of
the CTES low enough to improve the EER of the VCR machine. The CTES
is again used as a heat sink when its bottoming temperature falls below
7 °C.

2.2. Technologies and heat transfer fluids

The chiller used in the configuration presented in Fig. 2 is based on
the technology “NewTon” developed by Mayekawa Mfg. Co., Ltd. for
low-temperature refrigeration applications [55]. It consists of an indi-
rect NH3/CO, cascaded system [56]. The ammonia cycle (high-tem-
perature side) includes a double economizer system and a screw
compressor.

The use of ammonia (NH3) and carbon dioxide (CO,) has environ-
mental benefits over technologies based on CFCs (e.g., R-12), HCFCs (e.
g., R-22) or HFCs (e.g., R-134a or R-404A) that are on the phase-out
agenda. But although ammonia has very good thermodynamic fea-
tures and is widely used in industrial refrigeration installations, it is
highly toxic and slightly flammable. The use of CO; in cascade as the
secondary refrigerant flowing through the air coolers (evaporators) in
the cold rooms (Fig. 2) keeps the ammonia package in the machine room
alone, thereby minimizing its charge in the system. This reduces the risk
of an accident if a leak occurs. As refrigerant alternatives, hydrocarbons
such as propane can be used with good efficiencies and low environ-
mental impact but safety would be a major concern because of their high
flammability. The use of HFO blends (e.g., R-449A) rather than banned
refrigerants could also be a very low-GWP solution. Even so, in this
paper, a VCR machine running on natural fluids is preferred instead.

The primary heat transfer medium selected in this study is 40%-mass
ethylene glycol (EG) — water. Because of the oral toxicity of EG, the
primary coolant circuit is installed outside the cold rooms and has no
contact with food products. But since the LNG temperature is far below
the EG-water freezing point (-24 °C), direct contact between the two
fluid streams must be avoided in the heat exchanger HE-1 to prevent
crystallization issues. Therefore, a double-bundle heat exchanger could
be used [57]. This equipment is a sort of shell-and-tube type heat
exchanger with two spiral tube bundles both inside a single shared shell
(Fig. 2) [58]. The shell is filled with a fluid (known as intermediate fluid
or thermal buffer fluid) which “pumps” the heat from the heating medium
(EG-water) to the LNG, thereby preventing freezing. The LNG and the
EG-water streams flow inside the top and bottom tube bundle, respec-
tively. The company Eco-ice Kalte [45] has developed a patent and
technology for this component [59] and has also patented a plant that
exploits LNG cold for efficient refrigeration supply in local and remote
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Fig. 3. Performance curves of the modelled indirect NH3/CO, cascaded vapor-
compression refrigeration machine for different PLRs and cooling water
temperatures.

areas [60].

Heat transfer fluids such as hydrocarbons or HFCs with a lower
freezing point could be an alternative primary heat transfer fluid for
more compact heat exchanger technology. The authors shall not discuss
them here, however, due to flammability hazards and/or environmental
issues. Likewise, carbon dioxide could also be a potential alternative to
aqueous glycol solutions but is not considered here because of its higher
operating pressure. Ice slurries could also be used [61], although the
system proposed discusses the sensible heat of a single-phase heat
transfer circuit as in traditional indirect circuits of refrigeration
installations.

2.3. Modelling and indicators

The different scenarios of satellite LNG plants with waste cold re-
covery are modelled and simulated in TRNSYS [62] using a typical
operating year and a simulation time step of five minutes. Table 1 de-
picts the design parameters used in the scenarios analysed. The
following modelling assumptions are made:

Thermal and pressure losses are not considered in either equipment
or pipes.

¢ Kinetic and gravitational energies are not considered.

e LNG is assumed to be pure methane for the purpose of calculating
thermodynamic properties.

Leakages of fluids to the environment are neglected.

The electricity consumption of the fans of the conventional refrig-
eration machines is not considered.

e The temperature of air in the freezing chambers is assumed to be
ideally maintained at the set-point (-18 °C).

The availability of the system is assumed to be 95%. Different
shutdown periods are randomly distributed throughout the year by
using TRNSYS Type 1236.

The heat transfer rate in each heat exchanger of the plant is calcu-
lated from energy balances and heat transfer equations as follows:

Q =m (h[,[n - h[,oul) = mj (h/'.am - h/‘,m) (@]
Q= UA X AT, @

where UA is the overall heat transfer coefficient and AT, is the
effective mean temperature difference between the fluids involved. The
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energy balance in the underground cold thermal energy storage (CTES,
modelled with Type 4) shown in Fig. 2 is calculated as follows:

dr . .
pVCTESCpE = mw1Cp(Twa — Twi) + mw3Cp(Twa — Tws) + Qain 3)

The volume of the CTES (V¢rgs) is sized to handle the fraction of the
condensation heat released from the VCR machine for the maximum
cold that can be recovered from LNG-regasification and for 2.5 h at a
temperature range (AT) of 6 °C. The heat gain (an,-m) from the sur-
rounding ground is calculated by assuming that the CTES consists of a
0.5 m thick concrete envelope. The component Type 77 is used to
calculate the temperature of the ground. To consider the thermal strat-
ification effect in the CTES, three uniform temperature segments (ver-
tical nodes) are used.

The design temperatures of the liquid CO; and the ammonia stream
leaving the VCR evaporator (see Fig. 2) are -32 °C (saturated liquid) and
—35 °C (saturated vapour), respectively. The temperature approach and
subcooling in the ammonia condenser are set to 3 °C and 1 °C, respec-
tively. The EER (in W/W) of the machine is defined as follows:
O O

= “)
Wea  Wei(n, xn,,)"

where Qg is the refrigeration capacity, and Weea and W are the
electricity input to the motor of the compressor and the isentropic
compression power, respectively. The motor efficiency (1,,) at different
part-load ratios (PLR = Qg/ QR,peak) is based on the technology developed
by MYCOM [55]. The variation of the isentropic efficiency () with the
compression ratio is based on the Bitzer OSA.95 compressor series [63].
The modelling of the VCR machine is implemented in TRNSYS through
an EER polynomial curve given in Fig. 3, which is a function of the
cooling water temperature (Tyx) and the part load ratio (see Appendix
A.1.). The nameplate EER of the machine is 2.10 W/W [55]. This
parameter was used to check that the modelling reproduces the per-
formance of the VCR machine at rated operating conditions.

The total electricity consumed by the refrigeration system of the
warehouse (W, z) accounts for the electricity consumed by the VCR
machine’s compressor, the circulating pumps, and the cooling tower (i.
e., fan and sprayed water pump). The parasitic electricity consumption
of fans or defrosting devices of the cold room air coolers is not
considered:

Wor = Wea+ Z Wp -+ Wfan.rr )

The pumps (modelled with Type 3) are sized by assuming a pressure
drop of 10% over the discharge pressure (300 kPa) and an overall effi-
ciency (17,) of 80%. As for the cooling tower (closed-circuit and forced
draft, modelled with Type 510), the rated fan power (Wfa,,,a, in kW) is
determined from the following rule of thumb [64]:

Wianer = Tiairdesign /21,873 (6)

The design air flow rate (Mg design) is determined from the rated
condensation capacity and the design air conditions (i.e., inlet dry-bulb
and wet-bulb temperatures of 35 °C and 26 °C, respectively; and leaving
wet-bulb temperature and relative humidity of 32 °C and 98%, respec-
tively). As for the make-up water volume (V,,, in m?), the following
sources of water loss in the cooling tower are considered: evaporation
(calculated from Type 510, and assumed to be equivalent to 1% of the
sprayed water), drift (assumed to be 0.002% of the sprayed water [65])
and blowdown (taken as 20% of the evaporation rate [64]).

The following performance indicators are also defined to evaluate the
overall performance of the system:

e The Cold Recovery Ratio (CRR) is a dimensionless quantity that
indicates the amount of LNG cold thermal energy which is trans-
ferred in the double-bundle heat exchanger (see Fig. 2) in relation to
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the total cold thermal energy released throughout the regasification
process:

QDBHE (7)

CRR = —
mLNG(hL6 - hL])

The electricity saving (VW,;) with respect to a conventional refer-

ence system (W, z) without LNG cold energy use. Its mathematical
expression is as follows:

W

. - W,
VW, = 4R TR 100% ®)

Wel R

The exergetic efficiency of the refrigeration installation determines
how efficiently the initial physical exergy content of LNG translates
into a reduction of the electricity consumed for refrigeration appli-
cations. Its mathematical definition is as follows:

Wor = War

x 100% (C)]
<E-xph,Ll - Exph,Lﬁ) + War

Nex =

Note that the definition given above sets a conventional regasifica-
tion system without exergy recovery as the zero-efficiency reference.
The physical exergy is calculated as follows:
m[(h — ho) —To(s — so) ]. The reference environment is set to 298.15
K and 101.325 kPa.

EXph =

Finally, the GHG emissions (GHGe, in t-CO5 ¢y/year) of the refriger-
ation system are calculated as follows, using an emission factor (EF) of
0.298 kg-CO2,cq/kWh:

GHGe = EF x W (10)

2.4. Energy loads forecasting

The LNG regasification rate (myng) is a function of the nameplate
electric output of the power plant (Wg), the lower heating value of
natural gas (LHV, assumed to be 13.4 kWh/kg), the efficiency of the
internal combustion engines (., set to 47% [66]) and the efficiency of
the electric generator (775, set to 95%):

tiwg = We x LHV™' X 18 X g (11

The estimation of the refrigeration load of the cold rooms can be based
on models developed from the statistical analysis of monitored energy
consumption data. However, this method applies only to existing
warehouses, and its robustness depends strongly on the quality and time
span of these datasets [67]. Another option is to predict the refrigeration
load through detailed building modelling and energy simulation pro-
grams (e.g., TRNSYS, EnergyPlus, among others). This method is suit-
able for building design, but it requires detailed information on building
geometries, materials, equipment installed, schedules, and so forth.

Since the analysis of a specific warehouse case-study is beyond the
scope of this paper, such detailed information or energy demand data
are unavailable. Thus, a convenient strategy will be to apply a simplified
factor method [68]. In this paper, the hourly refrigeration load profile is
predicted from the following dimensionless expression referenced to the
peak thermal load (QR,max) of the cold rooms:

QR/QR,max =at+mxitazxT 12)

where the factor @; represents a constant fraction of the thermal load
assumed to be 10% (e.g., equipment such as forced air-cooling fans); the
factor a, represents the fraction of the thermal load that depends on the
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activity schedule of the warehouse (e.g., product load, internal gains
such as occupancy or lighting), assumed to be 60%; and the factor a;
accounts for the fraction of the thermal load affected by the outdoor
ambient temperature (e.g., transmission heat gains and infiltrations),
assumed to be 30%. The weight assigned to the a-factors is consistent
with the refrigeration load breakdown of typical refrigerated facilities
[69].

The activity factor (0 < £ < 1), also introduced in Eq. (12), is based
on the following schedule:

e Midweek working day: full activity (¢ = 1) from 6:00 to 22:00.
e Saturday: full activity (¢ = 1) from 6:00 to 14:00.
e Any other case: minimum activity (¢ = 0.1).

The temperature factor (0 <7 <1) in Eq. (12) is defined as the
variation of the temperature difference between the outdoor tempera-
ture (T,) and the freezing room temperature (T, —18 °C), with respect to
that temperature difference at the design point. Its mathematical
expression is as follows:

To - Tr
R P 13

Because of its potential for efficiency improvement, the system pre-
sented (Fig. 2) will be more attractive for warm than for cold locations.
Nonetheless, to quantify and compare the techno-economic potential,
and to draw conclusions about opportunities and viability, the simula-
tions performed also include a cold climate case. The three locations
selected are representative of a tropical, a Mediterranean, and a conti-
nental climate: Bangkok (13.92° N, 100.6° W), Thailand; Tarragona
(40.82° N, 0.49° W), Spain; and Oslo (59.90° N, 10.62° W), Norway;
respectively. The weather files from the EnergyPlus database are used in
the modelling [70]. The 98th percentile outdoor temperature, which is
used as the design temperature in Eq. (13), is 35.0, 30.8 and 21.9 °C in
Bangkok, Tarragona, and Oslo, respectively.

The Refrigeration Capacity Index (RCI) is a dimensionless
parameter that determines the ratio between the peak refrigeration ca-
pacity of a warehouse (Q'R‘max) and the maximum low temperature
thermal energy that can be recovered from the regasification of the
nameplate LNG vaporization capacity of a satellite plant (mMngp). Its
mathematical expression is as follows [43]:

RCI = _ QR,mn,x

_ a4
MING.np (hL3 - hLZ)

2.5. Economic analysis

To analyse the economic feasibility of the system (considering a
newly built refrigerated warehouse without subsidies or incentives) the
indicator used is the Levelized Cost of Refrigeration (LCOR), in USD/
kWh. This parameter indicates the present value of the total cost of
producing a unit of refrigeration (i.e., in terms of thermal energy)
throughout the system’s lifetime. Its mathematical definition is as
follows:

TCI+ i [AB x (1417
py {me x (1 +r)7k}

where Qg is the refrigeration load (in kWh) throughout year k. The
parameters n and r denote the installation lifetime and the annual dis-
count rate, respectively. The Total Capital Investment (TCI) of the sys-
tem is divided into the Fixed Capital Investment (FCI), working capital
and start-up cost. The FCI of the system splits into the Purchased
Equipment Cost (PEC, assumed to be equal to the free on-board — FOB —
destination) and other fixed costs (OFC, e.g., installation of equipment,
piping, instrumentation and control and electric equipment and

LCOR = (15)
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Table 2
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Performance indicators for a Refrigeration Capacity Index equal to unity for the different locations and plant sizes.

System Location Refrigeration load, Cold recovery from LNG- Electricity consumption °, Water consumption (cooling GHG emissions €,t-
size ® GWh/year regasification? * GWh/year tower), m®/year COy,eq/year
S Bangkok 0.186 Yes 0.070 43 21
No 0.089 485 27
Tarragona 0.174 Yes 0.065 25 19
No 0.076 436 23
Oslo 0.166 Yes 0.062 18 19
No 0.068 407 20
M Bangkok 9.31 Yes 3.50 2,148 1,042
No 4.46 24,263 1,330
Tarragona 8.71 Yes 3.25 1,122 967
No 3.79 21,794 1,128
Oslo 8.31 Yes 3.11 850 926
No 3.42 20,326 1,021
L Bangkok 55.9 Yes 21.0 12,875 6,252
No 26.8 145,577 7,978
Tarragona 52.3 Yes 19.5 6,867 5,804
No 22.7 130,766 6,769
Oslo 49.9 Yes 18.6 5,010 5,551
No 20.5 121,957 6,123

& System sizes. Power plant electrical output = 50 MW (Small, S); 50 MW (Medium, M); 300 MW (Large, L). Annual LNG-regasification = 0.015 MTPA (Small, S); 0.073
MTPA (Medium, M); 0.44 MTPA (Large, L). Indicator calculated using ® Eq. (5), ¢ Eq. (10), considering an emission factor of 0.298 kg-COg eq/kWh.

material, among others [71]). The reference purchase equipment cost
(PEC) of the main system components is estimated from the cost func-
tions listed in Table Al. The Chemical Engineering Plant Cost Index
(CEPCI) annual average composite values are used to update all the
original costs obtained in year y to the reference year (i.e., 2019):

CEPCla10

PEC = PEC,
€ =PEC %" cpper,

(16)
The annual expenditures (AE) of the system in year k are the elec-

tricity and water bills, the carbon taxes, and other annual expenditures

(OAE: maintenance, insurance and taxes and annual overhead costs):

AE, = [Wug X (Ce + EF X Ccpz) + Vaw X Cu + OAE], 17)

where W, is the annual electricity consumed by the refrigeration
system (in kWh). The parameters C,., C, and Cco, represent the elec-
tricity tariff, the cost of water and the carbon price, respectively.

The relation below was defined to compare the LCOR of the proposed
system with that of the conventional system without cold thermal en-
ergy recovery from LNG-regasification (LCOR"):

LCOR — LCOR’

ALCOR = —————=—x 100

LCOR 18

Note that a negative ALCOR means an improvement with respect to
the conventional system without LNG cold use.

Nevertheless, the parameters involved in the LCOR calculation vary
widely across locations because they depend on factors such as the
electricity mix, climate policies or the particularities of the project.
Therefore, assigning them a fixed value is a real challenge. Likewise, the
reference purchased equipment costs estimated from the correlations
given in Table Al are a major source of uncertainty. Therefore, a Monte
Carlo analysis (sample size, N = 30,000) was carried out using the
MATLAB®-based uncertainty quantification framework UQLab [72] to
take into account the impact on the economic feasibility of the uncer-
tainty related to several of these parameters which is depicted in
Table A2.

Finally, to evaluate the economic potential of the system proposed in
this paper, it is defined the indicator Chances of Economic Feasibility
(COEF, in %) which provides information about the number of cases for
which the LCOR of the LNG cold utilization system is lower — by a factor
“x” — than that of the conventional refrigeration system in relation to the
sample size considered. Its mathematical expression is as follows:

SV {lif ALCOR < x; else0}

COEF =
N

x 100% 19)

3. Results and discussion

This section presents and analyses the simulation results. The dis-
cussion is divided into the technical analysis (section 3.1) and the eco-
nomic analysis (section 3.2).

3.1. Technical analysis

Table 2 shows the electricity and water consumption and GHG
emissions for both the systems proposed in this paper (see Fig. 2) and the
conventional refrigeration system without cold recovery from LNG-
regasification.

The different scenarios considered are set in the climates indicated in
section 2.4, and the system sizes are determined by the following elec-
trical output of gas-fired power plants: 1 MW (Small, S), 50 MW (Me-
dium, M) and 300 MW (Large, L). The nameplate vaporization capacity
of the satellite terminals that deliver gas to these power units is 223,
11,143 and 66,855 Nm®/h (i.e., 0.17, 8.4, 50 t-LNG/h), respectively.
Therefore, the maximum amount of cold thermal energy that can be
recovered from LNG-regasification is 29.3 kW, 1.45 MW and 8.71 MW,
respectively.

Fig. 4 shows the annual results for the different locations and a
medium-size system. A range of refrigeration capacity indexes (see Eq.
(14)) in the range 0.25-3 were evaluated. The results are analysed
through the dimensionless parameters described in section 2.3, which
vary negligibly with plant size. Thus, the conclusions drawn about the
technical performance can be extrapolated to any size of the satellite
LNG plant. The following observations can be made:

e Fig. 4 (a) shows that as the design refrigeration demand increases in
relation to the rated LNG cold thermal energy available, the Cold
Recovery Ratio increases, so the amount of cold wasted decreases.
The Cold Recovery Ratio is slightly higher in warm climates than in
cold climates for RCIs < 1 because of a higher refrigeration load
throughout the year. But the influence of the climate on this indi-
cator tends to wear off when the LNG cold thermal energy is fully
exploited (i.e., for large RCIs). When this is the case, the annual Cold
Recovery Ratio reaches ~ 80%, which is equivalent to the maximum
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Fig. 4. Annual dimensionless results obtained for the refrigeration system with cold recovery from LNG regasification in a satellite plant that supplies gas to a 50 MW
electric power plant. Refrigeration capacity indexes in the range 0.25-3 are considered. (a) Cold recovery ratio. (b) Energy Efficiency Ratio (EER). (c) Electricity
saving. (d) Exergetic efficiency.

LNG cold that can be recovered in the double-bundle heat exchanger
of the system configuration proposed in this paper (see Fig. 2).

Fig. 4 (b) illustrates the annual averaged EER of the VCR machine for
the system configuration proposed, which is benchmarked against
the EER for the conventional system. The EER monthly results are
presented in Fig. 5. The use of LNG cold thermal energy stabilises the
condensation temperature of the VCR machine regardless of the
weather. Thus, the EER is much the same for all the locations
considered for RCIs < 1 (~2.78 W/W). Nonetheless, the enhance-
ment with respect to the conventional system without LNG cold use
is much more significant in warm locations. This is because the wet-
bulb temperature is usually higher throughout the year, so the water
leaves the cooling tower at a higher temperature than in cold loca-
tions. As shown in Fig. 5 (a), the performance of the proposed system
in Tarragona and Oslo is slightly better in summer because the PLR
reported is closer to the optimum performance point of the VCR
machine (see Fig. 3). In Bangkok, the ambient temperature and the
thermal load are quite constant throughout the year, so the same
happens for both the EER (Fig. 5 (a)) and the PLR (Fig. 5 (b)).

As shown in Fig. 4 (c), the calculated electricity saving is approxi-
mately 22%, 14% and 9% in Bangkok, Tarragona and Oslo,

respectively, for RCIs < 1. For example, as shown in Table 2, in a
satellite plant that supplies gas to a 50 MW electric power plant and
for an RCI of 1, the annual electricity savings are 0.96, 0.54 and 0.31
MWh in Bangkok, Tarragona and Oslo, respectively. In the same
scenario and locations, 288, 162 and 95 t-CO2.q/year of GHG
emissions could be avoided, respectively. However, the EER of the
VCR machine tends to approach that of the scenario without cold
utilization for RCIs greater than unity (see Fig. 4 (b)) because the
cooling tower is used more often. Hence, the amount of electricity
saved decreases sharply once the design refrigeration load exceeds
the nameplate LNG cold available.

Fig. 4 (d) depicts the exergetic efficiencies obtained. Efficiency is
highest when the design refrigeration load matches the maximum
LNG cold available (i.e., RCI = 1). In this case, there is less waste LNG
cold thermal energy than for RCIs < 1, and more electricity is saved
than for RCIs greater than 1. On the other hand, the higher the
outdoor temperature of a location, the more valuable LNG is as a low-
temperature exergy source. The maximum exergetic efficiency found
for Bangkok, Tarragona and Oslo is 5.6%, 3.2%, 1.9%, respectively.
These efficiencies are very low because the temperature of the water
stored in the CTES is much higher than the temperature of LNG. This
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Fig. 5. Monthly average results in each location considered for a refrigeration capacity index equal to unity. (a) Energy Efficiency Ratio (EER) of the refrigeration
machine for the system proposed in this paper and the conventional system without LNG cold utilization. (b) Part load ratio, PLR (same for both the proposed and the

conventional system).

Table 3

Cost breakdown for the base-case scenario and for a Refrigeration Capacity Index equal to unity.

Does the refrigeration system exploit the cold thermal energy from LNG-regasification?

Yes No (conventional refrigeration system)
System size: S M L S M L
o Total Capital Investment (TCI), thousand USD 230 4,738 19,173 212 4,423 17,946
1. Fixed Capital Investment (FCI): 192 3,948 15,978 177 3,686 14,955
1.1. Purchase Equipment Cost (PEC): 132 2,704 10,944 121 2,525 10,243
1.1.1. Double-bundle HE (area, m?) 2(1.9 33 (69) 117 (417) 00 0() 0()
1.1.2. EGW/W HE (area, mz) 6 (2.2) 77 (109) 246 (651) 0() 0() 0()
1.1.4. Cold room air coolers (area, m?) 8 (5.6) 272 (279) 1,341 (1,674) 8 (5.6) 272 (279) 1,341 (1,674)
1.1.5. Pumps (power, kW) 1(0.42) 22 (21) 91 (126) 0(0.10) 5(4.9) 22 (29)
1.1.6. Cold thermal energy storage (volume, m?) 2(11) 53 (526) 267 (3,154) 0() 0() 0()
1.1.7. VCR machine (nameplate refrigeration capacity, kW) 108 (29.3) 2,191 (1,450) 8,707 (8,790) 108 (29.3) 2,191 (1,450) 8,707 (8,790)
1.1.8. Cooling tower (cooling water flow rate, m>/h) 5(7.5) 56 (373) 174 (2,235) 5(7.5) 56 (373) 174 (2,235)
1.2. Equipment installation 26 541 2,189 24 505 2,049
1.3 Piping 13 270 1,094 12 252 1,024
1.4. Instrumentation and control 8 162 657 7 151 615
1.5. Electric equipment and material 13 270 1,094 12 252 1,024
2. Working capital, USD 29 592 2,397 27 553 2,243
3. Start-up cost, USD 10 197 799 9 184 748
e Annual expenses, thousand USD/year 15 316 1,278 14 295 1,196
1. Operation and maintenance 12 237 959 11 221 897
2. Insurance and taxes 2 39 160 37 150
3. Overheads 2 39 160 2 37 150

System sizes. Power plant electric output = 50 MW (Small, S); 50 MW (Medium, M); 300 MW (Large, L). Annual LNG-regasification = 0.015 MTPA (Small, S); 0.073

MTPA (Medium, M); 0.44 MTPA (Large, L).

implies a high exergy destruction rate. Although these efficiencies
can be considerably improved by directly exploiting the LNG cold
without a VCR machine [43], this option was dismissed to ensure the
reliability of the refrigeration supply.

To sum up, the configuration proposed enhances the performance of
the conventional refrigeration system without cold recovery from LNG-
regasification and does not compromise the supply of cold to the final
user. The question that needs to be answered is whether this improve-
ment is large enough to ensure economic competitiveness. The next
section analyses how climate and system size affect economic feasibility
and conducts a Monte Carlo analysis of the uncertainty of the economic
parameters.

10

3.2. Economic potential

Table 3 shows a breakdown of the base-case capital investment and
expenses, the electricity and water consumption and the GHG emissions
calculated for each of the plant sizes considered and for an RCI equal to
unity. Table 4 depicts the chances of economic feasibility for each sce-
nario and for different refrigeration capacity indexes. Fig. 6 shows the
LCOR (Eq. (15)) calculated for the system proposed and its variation
with respect to that of the conventional system without cold thermal
energy recovery from LNG-regasification (Eq. (18)). The results shown
are for an RCI equal to unity because, as shown in the previous section,
this value gives the best performance reported for the system. As well as
the base case and the results obtained from the stochastic simulations,
the following favourable and adverse cases are evaluated:
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Table 4
Chances of Economic Feasibility (COEF, in %) calculated for different plant sizes, locations and Refrigeration Capacity Indexes.
Refrigeration Capacity Index, Eq. (14) System size ALCOR < 0% ALCOR < -5% ALCOR < -10%
Bangkok Tarragona Oslo Bangkok Tarragona Oslo Bangkok Tarragona Oslo
0.5 S 24 2 ~0 ~0 0 0 0 0 0
M ~ 100 87 45 61 6 ~0 5 0 0
L 100 ~ 100 90 96 40 3 34 ~0 0
1.0 S 45 6 0.3 1.2 0 0 ~0 0 0
M ~ 100 96 66 79 15 0.4 12 ~0 0
L 100 ~ 100 97 929 61 8 53 1.1 0
2.0 S 42 5 ~0 ~0 0 0 0 0
M ~ 100 95 62 17 ~0 0 0 0 0
L 100 ~ 100 ~ 100 63 2 2 0 0 0

System sizes. Power plant electric output = 50 MW (Small, S); 50 MW (Medium, M); 300 MW (Large, L). Annual LNG-regasification = 0.015 MTPA (Small, S); 0.073
MTPA (Medium, M); 0.44 MTPA (Large, L).

Monte Carlo results Deterministic favourable result A
Deterministic base—case result ® Deterministic adverse result u

Electric output: 1 MW Electric output: 50 MW Electric output: 300 MW
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e Favourable case: Highest plant lifetime of 35 years, lowest discount
rate (5%), highest electricity and water tariffs (185.1 USD/MWh and
1.95 USD/mS, respectively), most ambitious carbon tax (119 USD/t-
COZ,eq)~

e Adverse case: Plant lifetime of 15 years, highest discount rate (15%),
lowest electricity and water tariffs (68.3 USD/MWh and 0.26 USD/
m5, respectively), no taxes yet applied to GHG emissions.

Considering all the scenarios evaluated (combinations of climates
and plant sizes) and the Monte Carlo results, the LCOR estimated for the
LNG cold recovery system proposed lies within the stochastic range
0.05-0.50 USD/kWh. As shown in Table 2, the electricity and water
consumption and GHG emissions vary proportionally with the size of the
system. Nevertheless, the variation of the specific cost of equipment and
the specific capital investment with size does not follow a linear trend;
instead, it decreases considerably as the equipment capacities increase
(Table 3). As shown in Table 4, large LNG cold utilization systems report
a chance of economic feasibility above 90%. Economic feasibility is
much more unlikely in small plants.

As for the influence of the climate, the following observations can be
made:

e As shown in Fig. 6, in cold climates like Oslo the base-case LCOR
reduction with respect to the conventional refrigeration system is
almost negligible or can even be worse. Besides, the chances of
achieving LCOR reductions above 5% are almost null. At best, the
LCOR of the conventional configuration may be reduced by 7% for a
large plant but only in favourable cases.

In Mediterranean locations with a climate like Tarragona, the eco-
nomic perspectives improve slightly. Except for small facilities, it is
more likely that the LCOR will be lower than that of the conventional
system, with a base-case LCOR estimated to be 0.12 and 0.11 USD/
kWh for medium and large plants, respectively. Indeed, the reduc-
tion in the LCOR could be around 10% for these plants in a favour-
able case (Fig. 6). However, the system is unfeasible in the adverse
case regardless of the size of the installation.

Economic performance is best in warm locations like Bangkok. The
LCOR of the LNG cold utilization system estimated for medium and
large plants is around 0.10 USD/kWh. In the favourable case and for
these plant sizes, the LCOR reduction with respect to the conven-
tional system estimated is above 15%. In particular, for a large plant,
the chances of reducing the LCOR to 10% are more than 50%, and the
system could be feasible even in the adverse case with a refrigeration
capacity index equal to one.

Finally, according to the COEF values depicted in Table 4, economic
competitiveness generally decreases when RCIs are above or below one.
Despite the specific costs of equipment decrease for larger installations
(see Table 3), electricity saving is below the optimum for RCIs greater
than unity (Fig. 4) and the water consumption is higher as well. On the
other hand, although electricity saving is close to the optimum (Fig. 4)
when the RCI is below unity, the specific cost of equipment increases
since the installation needs to be smaller.

4. Summary and conclusions

This paper has discussed the main opportunities and bottlenecks of
the recovery and use of cold thermal energy as a by-product of LNG-
regasification in satellite terminals for sub-zero refrigeration applica-
tions in cold rooms of agro-food industries. A novel system configuration
has been proposed that aims to use the cold thermal energy to improve
the efficiency and sustainability of cascaded vapor-compression refrig-
eration machines. The technical and economic potential was evaluated
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using a satellite plant for a base-load power station with cooling re-
covery for a neighbouring warehouse. The main conclusions drawn are:

e If you aim to use the cold released from LNG-regasification in sat-
ellite terminals for foodstuff refrigeration applications, install a back-
up refrigeration system or keep the one already installed. The
configuration proposed makes the system supplying refrigeration to
cold rooms much more reliable and flexible since the conventional
operation mode (i.e., using cooling towers) can be used even if there
is no LNG cold. The system proposed can also be implemented by
making minor modifications to a conventional refrigeration instal-
lation. This will make it commercially successful not only in new
refrigerated warehouses but also in existing ones.

e The system proposed performs best when the peak refrigeration load
of the cold rooms matches the maximum cold thermal energy
available from LNG-regasification. For this “optimal” case, the elec-
tricity savings and greenhouse gas emission reductions were within
the range 9-22% with respect to the conventional refrigeration sys-
tem without LNG cold recovery. The exergetic efficiencies reported
were between 1.9 and 5.3%. But as the refrigeration load exceeds the
LNG cold available, the performance indicators decline. As for the
influence of the climate, the competitiveness of the system improves
significantly in tropical climates, owing to the greater efficiency-
boosting effect with respect to the conventional refrigeration system.

e The economic prospects are optimistic for medium/large-size sys-
tems and temperate/warm climates. In advantageous scenarios, the
cost of producing refrigeration over the system’s lifetime is between
0.07 and 0.20 USD/kWh, which means a 5-15% reduction with
respect to the conventional refrigeration system without LNG cold
recovery. In contrast, in cold locations the system is less economi-
cally competitive because the energy savings are poor. In the future,
the economic feasibility of the system should be determined by
considering the economic and climatic parameters of the specific
location where a project will be executed. The refrigeration load of
cold rooms must also be monitored or simulated to estimate the
energy savings accurately.
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Appendix A
A.1. Energy efficiency Ratio

The polynomial curve used to calculate the Energy Efficiency Ratio (EER, in W/W) of the cascaded NH3/CO5 vapor-compression refrigeration
machine modelled in the paper is given from the following polynomial equation, which is a function of the part lolad ratio (PLR) and the cooling water
temperature (Ty,):

EER(PLR,Twa)=ao+a; x PLR+a, x Tywa +as X PLR* +as X PLR X Ty +as X Ty, +as X PLR* +a7 X PLR* X Tyy +ag X PLR X T5,, +ag X Ty, +ai1o X PLR* +ay,
X PLR® X Typ +ai, X PLR* X Toy, +ai3 X PLR X Ty +aia X Ty

The coefficients of the equation above are the following:
ap=0.001841; a; = 8.709; a, = 0.002173; ag = -5.937; a4 = 0.02419; a5 = -0.0002589; ag = -1.412; a; = -0.1037; ag = -0.00145; ag = 8.328 x 10"
6. aip = 1.722; a;1 = 0.06035; a2 = 0.0007863; ai5 = 9.803 x 10°%; a4 = -7.922 x 10

A.2. Economics

Table A1 depicts the functions used to estimate the purchase cost of the main components of the configuration presented in Fig. 2. Table A2 shows
the uncertainties related to the parameters involved in the economic analysis.

Table Al
Cost functions (in USD) used to determine the reference purchased cost of the main system components.
System component Purchase cost function (USD) Source
- Pumps (including motor) 1,120 x W(()k?/V) [73]
- Double-bundle heat exchanger (HE-1) ? 2,661.3 x A?ﬁl) [74]
- Heat exchanger HE-2 ? 6,014.2 x A%ff) [74]
- Cold thermal energy storage " 177.2 x V‘C’?Esv(mg) [75]
- Cold room air coolers * 1,397.0 x A(OfZg) [76]
- VCR machine ¢ 3,918.2 x gf{w) x Fr [74]
- Cooling tower 1,038.5 x ngfmg/h) [76]

@ Overall heat transfer coefficients (U) used to estimate the heat transfer area of heat exchangers: 0.2 kW/ (m?K) for the double-bundle heat exchanger HE-1; 3 kW/
(m?K) for the heat exchanger HE-2 and the 0.5 kW/(m?2K) for the cold room air coolers.

b Correlation adjusted by the factor 1.21 for Euro to USD conversion.

¢ Evaporator temperature factor (Fr): 3.36 (-33 °C).

Table A2

Inputs for the Levelized Cost of Refrigeration (LCOR) calculation considering uncertainties.
Input Base values Distributions ? Notes
System lifetime (n), years 25 N [25, 3.33] Typical
Discount rate (r), % 10 U [5, 15] Typical [77]
Electricity tariff (C.), USD/MWh 102.0 T [68.3, 185.1, 102.0] Typical [78]
Cost of water (C,,), USD/m> 0.89 T [0.26, 1.95, 0.89] Typical [79]
Carbon tax (Ccoz2), USD/t-CO2,eq 10 T [0, 119, 10] Typical [80]
Equipment cost (PEC) b, USD PEC,e U [0.5, 1.5] x PECyy Estimated
Other fixed costs (OFC) ¢, USD OFC,y = 0.46 x PEC T [0.25, 1.75, 1.00] x OFCyy Estimated
Working capital and start-up cost (WSC) 4 usb WSCrys = 0.20 x FCI T [0.25, 1.75, 1.00] x WSCyes Estimated
Other annual expenditures ¢ (OAE), USD OAE,, = 0.08 x FCI T [0.25, 1.75, 1.001 X OAE, Estimated

% Nomenclature used for distributions. U [a, b]: Uniform distribution between a and b: T [a, b, c]: Triangular distribution with minimum value a, maximum value b and
likeliest value ¢; N [, 6]: Normal is a normal distribution with mean value p and standard deviation c.

b The uncertainties apply individually to each of the cost functions depicted in Table Al.

¢ Base values for fixed costs (other than the purchased equipment costs) [71]: Equipment installation = 20% of PEC; Piping = 10% of PEC; Instrumentation and control
= 6% of PEC; Electric equipment and material = 10% of PEC.

4 Base values for the working capital and the start-up cost [71]: 10% and 5% of FCI, respectively.

¢ Base values for the maintenance, the insurance and taxes, and the annual overheads: 6%, 1% and 1% of FCI, respectively.
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