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Abstract

Liguefied Natural Gas (LNG) is a valuable exergedimurce due to its low-temperature (-iGp
However, LNG is regasified using seawater as heatce and without exergy recovery in most of LNG

terminals worldwide.

In this paper we model a polygeneration plant teabvers the low-temperature and pressure exeogy fr
LNG-regasification to generate simultaneously poesd refrigeration in a District Cooling network at
three different temperature levels. The plant \sddid into different subsystems arranged in cascilde
objective of this research is the selection of st suitable working fluids and heat transferdtufor
operating in each subsystem. The performance ofyktem is analyzed from the thermodynamic and

environmental point of view.

Although neither of the candidate fluids satisfigs the desirable features, the selected fluids are
methane, carbon dioxide and propane. The planeaebkian equivalent electricity production of 125kW
for metric ton of LNG regasified with an exergegifficiency of 40.6%. Besides, the seawater utilized
the plant is 60% lower than the required by the mmm LNG regasification process and an annual

emission of 75 thousand tons of £i© avoided.

Keywords. Liquefied Natural Gas (LNG); LNG regasificationPhysical exergy recovery;

Polygeneration; Fluids selection



1. Introduction

The fight against climate change is one of the melallenges of today’s society. Climate agreemasts
the Kyoto protocol [1] aims to control the greenbelgas emissions and mitigate the global warming.
Although renewable energies contribute to this psep energy outlooks predict that fossil fuels will
remains as the main source of primary energy indbeades to come; despite the greater share of
renewable energies in the primary energy mix arddisaccelerated growth rate of oil and coal [2]. In
these forecasts, Natural Gas (NG) highlights a®tte fossil fuel whose share in the primary energy
increases, assuming a key role in the energy trandowards a low-carbon energetic model. In fakg

is a fossil fuel environmentally friendlier thange oil and coal because of its lower carbon faotgand

a cleaner combustion [3]. Although critics distro$tNG sustainability due to methane leakages ¢o th

atmosphere along NG supply chain, conclusive dadaitthese emissions are missing [4,5].

Although NG is usually supplied by pipelines, igd-distance transport is a problem. In this sense,
Liquefied Natural Gas (LNG) is a solution. LNG, veleocomposition is mainly methane (around 90%),
ethane and propane [6], is obtained by coolingptieepurified NG up to 111 K (-16€). By this way, the
volume of NG is reduced enough (around 600 timeshake feasible its transport in carriers of LNG
tankers. Furthermore, LNG gives a higher flexiilib the natural gas trade and avoiding the energy
dependency from a specific country. The demandNGLhas increased during the last years and it will
continues increasing with a growing rate of 4 to ®2030 [7]. By 2035, LNG will account 50% of the
total natural gas trade [8]. At present, Japan nesntne top LNG importer country worldwide and the
growing demand of LNG from China and India is quiéenarkable [7]. By the other side, Qatar is the
main world LNG supplier accounting near 30% of tbal LNG export worldwide, although Australia

and United States are increasing significantlyrthBiG exports [9].

On the other hand, the NG'’s liquefaction processumes high amounts of energy that could be plgrtial
recovered when LNG is regasified before being dagpio the end-users. Up to 240 kWh/t-LNG could
be recovered if an ideal conversion system is u$&d. cryogenic temperature of LNG makes it very
attractive from the exergetic point of view andtén be applied in several industrial applicatiob8]]
electric power production [11], air-separation arjit2], light hydrocarbon separation [13], £€apture
[14], dry ice production, seawater desalination][t&frigeration in cold warehouses and data centc.
Among these applications, electric power produci®he most studied. Several typologies of power
cycles and configurations have been proposed [HE6i.example, LNG can be used as heat sink in
Rankine cycles and Kalina cycles or in air pre-gapbf Brayton cycles. Direct expansion units can b
used also to convert the pressure exergy of LNG étctricity. For the future, thermoacoustic syste
are a good example of emerging technologies forepoproduction well adapted to the LNG low-
temperature [17].

However, the exergy recovery from LNG-regasificatio real LNG plants is not widespread. In most of
these facilities, LNG is regasified in Open Rackowiazers (ORVSs) that use seawater as heat sowce, s
LNG exergetic potential is wasted via seawaterfdct, there are only a few real plants worldwide

recovering LNG exergy and most of them are in Jdft8h For instance, Senboku Il LNG Terminal of
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Osaka Gas entails a benchmark for electric powedymtion from LNG exergy utilization [19]. On the
other hand, Negishi LNG Terminal of Tokyo Gas wagpieneer plant in the utilization of the low-
temperature of LNG for the refrigeration of a rgéiated warehouse [20]. In contrast with the power
production, the literature dealing with the uselL.dbfG exergy for refrigeration applications (e.g.r@&g

food industry or commercial sector) is scarce [Z]--2

Although LNG is a gold mine from the exergetic goaf view and its cryogenic temperature use has
several industrial applicationapt many LNG terminals exist worldwide recovering exergy from LNG-
regasification. The reasons are the barriers that block a fuithptementation of LNG exergy recovery
systems. Some of these barriers have non-techmitate such as the mistrust from industry holders t
substitute or adapt their conventional refrigeratystems. Another bottleneck is the conflict déiests
between the gas and third-party companies thatdcexploit the LNG exergy. However, this type of
barriers could be overcome in a near future engmady international energetic strategies thatieiigl
mentions LNG-regasification as a chance of wastd oecovery (e.g., the European Strategic Energy
Technology Plan (SET) [24]). Additionally, thereeatechnical barriers to overcome such as the

fluctuating refrigeration demand, for which therreakrgy storages are a promising solution [25,26].

But some of the major technical barriers are rdlatéth the low efficiencies of this kind of power
generation systems and the lack of suitable opeydtuids. Efficiency of cryogenic power units are
rarely beyond 20% [27]. In this sense, polygenemaf28,29] is a promising way for exploiting LNG
physical exergy more efficiently [30,31]. Whereagstnof current research is focused on exploitingsLN
exergy for a single application, polygeneratioroal a cascading exploitation of LNG exergy for
multiple applications. In a previous work presenied\tienza-Marquez et al. [30], we proposed a hove
polygeneration plant with exergy recovery from LNM&jasification for the combined production of
electricity and refrigeration in a District Coolif@C) network with three different temperature leve
But even though a diligent selection of the besrapng fluids is particularly crucial for LNG exgr

recovery systems, this issue was not addressadf iprevious research.

There is not a fixed rule for the selection of timest suitable fluids, and many factors should be
considered: the typology of the system, the heatcgoand heat sink temperatures, the distance batwe
the LNG regasification site and the cold utilizatigite, etc. For instance, Rao et al. [32] deteedhithat
R143a, propane and propylene were the most suithbits for a combined power cycle that exploits
solar energy and the low-temperature and pressoumgpanents of LNG exergy. Badami et al. [33]
identified ethane, propane and propylene as seitalolrking fluids for three different combined power
cycles with LNG exergy utilization and Li et al.JRconsidered that R23 was the most suitable flord
use LNG low-temperature exergy in a cold warehobksethermore, many authors select Ghen the
cold recovered from LNG has to be transported deag distances [21,22,34]. In the case of real

cryogenic power cycles, propane [35] and hydrocarixtures are also used [36].

The objective of this paper is twofold. The firdijective is the selection of the most suitable waogk
fluids and heat transfer fluids for a polygenenmatiplant based on exergy recovery from LNG-

regasification for the combined production of poweed refrigeration at three temperature levels. The
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decisions about the most suitable fluids are bas&idly on thermodynamic performance. Once the fluid
are selected, the second objective is to analygz@dnformance of the plant from the thermodynamit a
the environmental point of view. The paper is agethas follows: In section 2, the polygeneraticanpl
and its operation are described, its modelling perdormance indicators are explained and a preéingin
list of candidate fluids is shown. Afterwards, wegent the results and the discussion about tigsflu
selection in section 3. Also, the performance & thhole plant operating with the selected fluids is

analyzed. Finally, the conclusions of this reseamhpresented in section 4.

2. A polygeneration plant for LNG exergy recovery

In this section, the polygeneration plant for eyemgcovery from LNG-regasification is presented #sd
operation is described (section 2.1 and 2.2), hesrrhal model and its performance indicators are
explained (section 2.3 and 2.4) and a preliminargening of candidate working fluids and heat tiens
fluids is presented (section 2.5).

2.1 Description of the polygeneration plant

Figure 1 shows the schematic diagram of the polggaion plant for LNG exergy recovery. This plagt i
an evolved version of the one presented previoushAtienza-Marquez et al. [30]. This plant is
engineered for operating in an area in which arusihl cluster with high refrigeration demand is
located nearby to the LNG terminal. In this sertbe, Spanish LNG terminal of Barcelona (41.33°N,
2.16°E) is a promising scenario. Nowadays, the &ana LNG terminal has an LNG regasification
capacity of 1,950,000 Nfifh and count on a huge industrial and commercizd ée.g., agro-food sector)

at its vicinity with high and constant refrigeratidemand.

Fig. 1. Schematic diagram of the polygeneration plant witbrgy recovery from LNG-regasification for

polygeneration applications.

The philosophy of the proposed system is similatht of conventional polygeneration systems. The
main difference is the temperature of the exergy@mto be exploited. A conventional polygeneration
system exploits a high-temperature exergy sourceh® simultaneous production of multiple energy
vectors or services. But the proposed polygenergtiant exploits the low-temperature and pressure
components of exergy of the LNG to provide thedaing services: (1) LNG regasification; (2) Electri
power production; (3) Refrigeration service in astiict Cooling (DC) network at three temperature
levels. Furthermore, an advantage of operating leithtemperature heat reservoirs such as ambieht an
cryogenic temperatures is that using the same tenpe gradients between the heat source and aink,
higher thermal efficiency can be obtained in corgos with more conventional reservoirs above
ambient temperature [30].



The structure of the plant is divided into four sytems. Following the LNG flow downstream (frora th

LNG tanks to the city gas distribution pipelineigse subsystems are: a power unit (RC-1), a hybrid

system that consists of a District Cooling (DC)wmk combined with a power unit (RC-2), another

power unit (RC-3) and, finally, a natural gas diregpansion unit (EXP). These subsystems are agthng

in series with the aim to recover the exergy froNd-regasification in cascade. Moreover, this stitet

offers a great operational flexibility and allowar fan independent operation of each subsystem. idext

given a more detailed description of the subsystiaisintegrate the polygeneration plant:

Power cycle RC-1. This power cycle exploits LNG exergy at its lotvessmperature level. It consists

of a regenerative Rankine cycle that uses seawatkeat source and LNG as heat sink. The cycle has
intermediate reheating with two expansion-stagespeérates upstream of the DC network because,
although the temperature required by the end-usmisected to the DC network is relatively low in
comparison with a conventional DC network, it ig Bo low as the LNG storage temperature. Thus,
the power cycle RC-1 produces electricity from expig the low-temperature exergy gap between

LNG storage temperature and the temperature rejbirehe DC network.

DC network and power cycle RC-2. This subsystem of the plant is designed for dpeygust
downstream of the power cycle RC-1 and combinesCanBtwork with a power cycle. The DC
network provides refrigeration service at threegerature levels for different type of end-userse Th
low-temperature DC (LT-DC) provides refrigeratioangce to, e.g., refrigerated warehouses; the
medium-temperature DC (MT-DC) provides refrigeraticservice to commercial centers,
supermarkets, etc.; and the high-temperature DGIE] that provides air-conditioning service to
residential and office buildings, hotels, etc. Aduially, this subsystem of the plant operates alka

power cycle (RC-2) driven by low-grade waste heat.

Power cycle RC3. This power cycle exploits the remaining low-temgtere exergy of the LNG

stream after going through the DC network and pawyete RC-2, since the temperature of the LNG
stream at that point of the plant is still much éwhan the ambient temperature. It consists of a
regenerative Rankine cycle driven by the heat selédrom biomass combustion and using LNG as
heat sink. The cycle has intermediate reheating tamd expansion-stages. At present, a biomass
power plant is in operation near the Barcelona Lfgfeninal. In many cases it is not uncommon to
find availability of biomass from garden and parkiing, wood waste from construction debris and

other solid waste close to urban environments.

Natural gasdirect expansion unit (EXP). The LNG operating pressure in the regasificatesminal
is higher than that required for the NG distribotmipeline. The aim of the NG direct expansion unit
is to harness the pressure exergy of NG to proélemrical power before NG is injected to the city

gas distribution pipelines with the adapted pressur

2.2 Operation of the polygeneration plant



The operation of the plant is as follows. The LNGh& exit of the boil-off-gas recondenser (stregns
pumped by the pump P1 up to the high pressure eofptant (7.2 MPa, stream 2). Firstly, LNG low-
temperature exergy is exploited in the condensdr @-the power cycle RC-1. The working fluid
candidates for power cycle RC-1 must have a vewy feeezing point to avoid crystallization in
condenser C-1. The pump P2 pressurizes the wofkiitgwhich is preheated in the recuperator R-1 and
superheated in the seawater heat exchanger H-1, thexworking fluid is first expanded down to the
intermediate pressure in the high-pressure turfirieHP), reheated in H-1, and it is expanded again

the low-pressure turbine (T1-LP).

Afterwards, low-temperature exergy of downstreamG.Mt point 3 is used as heat sink of the heat
transfer media of the DC network. Since power cy{@-1 contributes to increase the temperature of
LNG, the risk of crystallization of the DC heatnisder media decreases in condenser C-2. In the DC
network, the pump P3 raises the pressure of thdermed heat transfer media which is also the wgrkin
fluid of the power cycle RC-2. The cold distributito the different type of end-users is made irallr
arrangement to facilitate the cold distribution dahd control of the system. Therefore, all the ardrs
receive the cold at the same temperature (stredm®6? 28), regardless of their required tempeeatiir
use. The latent heat of vaporization of the hemisfer media is exploited in the end-users’ suiostsit
(heat exchangers C-4, C-5 and C-6) and the secpnefsigerant used is ammonia for the facilitieshud
LT-DC and the MT-DC and water in the case of the PIT. The heat transfer media streams leaving all
the end-users substations are joined in a singbarst (stream 30) and superheated by low-grade waste
heat (e.g., from auxiliary equipment) in the heattenger H-2. Next, it is expanded in the turbirzetd

produce mechanical power.

The LNG leaving condenser C-2 (stream 4) has lanperature exergy enough to be exploited in the
condenser C-3 of power cycle RC-3. The condenseattimg fluid (stream 45) is pumped by pump P4,
preheated in the recuperator R-2 and superheatdteirbiomass boiler. The working fluid is first
expanded in the high-pressure turbine (T3-HP). s&@nd expansion stage, the reheated working fluid
(stream 42) is expanded in the low-pressure turpii3eLP). At the exit of the condenser C-3 (streéam

and previously to exploit the NG pressure exergg,NG is heated up t&G using seawater.

Finally, the pressure exergy of stream 6 is exptbiby the NG direct expansion unit to produce
mechanical power. The expansion takes place framoprerating pressure of the LNG and NG in the
plant (7.2 MPa) to the set-point pressure of tit gas distribution (3 MPa). The supply temperatfre
the regasified NG is adjusted to the pipeline rezraents in the seawater heater H-5, just befoasljiast

the calorific value of NG, odorize NG and feed tiitg gas into the distribution pipeline.

2.3 Plant modelling

The polygeneration plant with LNG physical exergypleitation is modelled with the software
Engineering Equation Solver [37]. Table 1 depidte simulation parameters, such as temperatures,

pressures or flow rates, and the modelling assumptare listed below:



e System operation under steady-state conditions.

e Thermal and pressure losses are neglected excty distribution pipelines of the DC network.

< Kinetic and potential energies are neglected.

e The composition of LNG is assumed as pure methane.

« Seawater is assumed as regular water.

« Saturated liquid state is supposed for workingd8uand heat transfer fluid streams leaving the
condensers C-1, C-2 and C-3 (streams 14, 21 and 45)

« Streams of heat transfer media in the DC netwaakitey the heat exchangers C-4, C-5 and C-6 are at
saturated vapor state (streams 25, 27 and 29).

e Streams of secondary refrigerants are at satuxatpdr state at the inlet of heat exchangers C-4 and
C-5 (streams 32 and 34) and at saturated liqutd atathe outlet (streams 33 and 35).

« Isentropic efficiency of turbines and NG expan@&%.

» Isentropic efficiency of pumps: 75%.

* Mechanical losses in reduction gears and elegtidioéises in generators are neglected.

« A pressure of 300 kPa is assumed for seawaterdhehehangers H-1, H-4 and H-5 (streams 17-18,

48-49 and 50-51, respectively) and also for thetevhsat (stream 38-39) in heat exchanger H-2.
The heat transfer in the heat exchangers of the @acalculated from energy balance equations:
Q = mi(hi,in - hi,out) = mj(hj,out - hj,in) (1)
On the other hand, the net power produced by astw$ystem of the plant is calculated as:
Whee = ZWr =X W, &)

To compare the performance of each subsystem qflémt with the different candidate fluids, we defi
the specific energy produced per tonne of LNG riigas W, /1, s, given in kWh/t-LNG. Moreover,
the mass flow rate is a good indicator of the sizthe system. Hence, we use another indicatondefi
as the ratio of the mass flow rate of working flusdjuired to produce a unit of energy;, /W, given
in kg/kwh.

On the other hand, the thermal efficiency of thev@ocycles of the plant is written as:

M = et 3)

Regarding the cold transport in the District Coglimetwork from the LNG regasification site to thele
user’s location, the pressure loss along the su(gtate point 22-23) and return (1:9-20) distribution

pipeline is calculated as follows:
2
AP _ cpv? (4)

Where f is the friction factor that is calculatezsing the Colebrook’s equation [38]:
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1

_ . &/D | 251
N 2 -logyo (3.7 + Re~ﬁ) (5)

A stainless-steel pipe ASTM-A333 grade 7 [34] fowl temperature service is assumed for the

calculations. The temperature drogg’) for both the supply and return DC pipeline iscatdted from
Eq. (6):

Qum = = (6)

Rcv,i+Rcd,t+Rcd,ins+Rcd,soil

The insulation (k=0.03 W/(m-K)) thickness was deii@ed to limit the heat gairg(;,,) to 30 W/m and
the thermal resistance of the soil is calculatezbading to ASHRAE [39] assuming a buried depth &f 1

m and a ground temperature ofC5

Furthermore, exergy analysis is a helpful thermeaudyic technique for analyzing the performance of a
system and also for determining the most suitapkrating fluids [40]. The physical exergy contened

to temperature and pressuff, = Ex; + Ex,) of each state point is written as:
Exph,i = my[(h; — ho) — To(s; — So)] (7)

The reference-environment for the exergy calcutetics set to 298 K and 101.3 kPa. Particularly, the

physical exergy due to temperature and pressureadgalated from Eq. (8) and (9), respectively [16]
Exr; = Expn(Ti, pi) — Expn(To, ) (8)
ExP,i = Exph(TO'pi) - Exph(TO'pO) 9)

On the other hand, the exergy destroyed in eaclpopent of the plant is calculated as follows:

[ = Ex;, — Exys — Exoye (10)
Table Al in Appendix A shows both the energy arrgyxdalances for each component of the plant.

The exergetic efficiency of each subsystem of taetg,, = ¥ Ex,, /Y. Ex;,,) is expressed as:

_ Wri_pp+Wri_Lp 11
MexRCL = “gx,—Exy)+Wp, 11)
_ Wra+(Ex33—Ex32)+(Ex35—Ex34)+(Ex37—Ex36) (12)
Nex,DC&RC2 (Fxa—Exy) 1 Wps
_ Wrz—pp+Wrs-Lp 13
MexRC3 = "y Exg) +Wpy (13)
_ WExp
Nex,EXP = 7 7o ot (14)

(Exs—Ex7)+Wpq



Finally, we use a turbine size parameter [33,41td2jccount the turbines sizes, but without pratentb
perform a detailed design of the turbine. This pwater is proportional to the actual turbine sizd #ris

defined as:

TSF = V"> - Ahy ™" (15)

WhereV,,, is the volumetric flow rate at the exit of thekime (in n¥/s) andAh; is the isentropic
specific enthalpy drop in the turbine (in J/kg).€Tlarbine size parameter and the flow rates arneatats

of the relative cost of the system.

2.4 Performanceindicators

To evaluate the performance of the whole plantdefne some performance indicators. These indisator
are divided into two categories: (1) Thermodynarpierformance indicators and (2) energy and

environmental impact indicators. The thermodynaimigcators are:

 Total net power of the plant (W ). This indicator accounts for the total net powesduced by

each subsystem of the plant (RC-1, RC-2, RC-3 had\iG direct expansion unit):
Wiet tor = Waetrer + Whetrcz + Wet,res + Waet sxp (16)

« District Cooling Service (DCS). This indicator accounts for the total refrigepatsupplied by the DC

network to the end-users:

DCS = QDC,LT + QDC,MT + QDC,HT (17

Particularly, to compare the results obtained usivegdifferent candidate heat transfer fluids intisas
3.2, we use a specific DCS defined as the totailgesfation produced by the DC network per each ¢éonn
of LNG regasified by the planDCS/m,y.;, given in kWh/t-LNG. Also, the mass flow rate oat
transfer fluid required to produce a unit of redrigtion is used as relative indicator to comparéhal

candidates from a homogeneous basig;-/DCS, given in kg/kwh.

« Equivalent Electricity Production (EEP). This indicator accounts for the electrical powerduced

and the DCS converted into electric terms by medétise Energy Efficiency Ratios (EER):

68 =t (s + ot oty o) @9
For a refrigeration system, the EER is definedhasratio of refrigeration capacity to the totaleratf
electric input. The lower the set-point temperattine lower the EER [43]. The reference EER forheac
temperature level of the DC network were selectsabaling to [43] and they are: 1.3 for the LT-DC
(refrigeration at -25C), 2.5 for the MT-DC (refrigeration at -£@) and 4.0 for the HT-DC (refrigeration
at 5°C).



« Exergetic efficiency of the whole plant (n,,). It is defined as the total useful exergy outpwickd

by the total exergy entering the polygeneratiompla

Y Wr+WEexp+Exyspc
== : - . — X 100% 19
Mex Exin INGtEXinwHQH-3(1-To/Tpp)+L Wp (19)

Notice that the above definition produces a zefiwiehcy reference case for an LNG regasificatitanp
without exergy recovery. The exergetic efficiencidseach subsystem of the plant are also formulated

following this definition pattern.
On the other hand, the energy and environmentadatats are:

e Primary Energy Saving (PES):

PES = 1]y -1 (Wnet,tot + OpcLT + OpcMT + ODpcHT ) (20)

EERref,LT EERref,MT EERref,HT
The thermal efficiency used as reference is 52%icy combined cycle).

e Seawater Saving (SWS). This indicator evaluates the seawater reductioth wespect to the

conventional LNG regasification process without LE&&rgy recovery:

SWS = (1 - Z’”i) x 100% 1)

mswiref

« Avoided carbon dioxide emissions (ACO.€): This indicator estimates the amount of {gissions

avoided by the polygeneration plant due to its eajent electricity production.

— i QDC,LT QDC,MT QDC,HT
ACOZQ - EF (Wnet'mt + EERref,LT + EERref,MT + EERref,HT) (22)

The emissions factor (EF) represents the, €@issions of a typical electricity mix integratey diverse
energy sources (e.g., natural gas, coal, nucleaggnrenewable energies, etc.). We chose an BFRB380D
kg-CO/kWh as a representative value for Spain, but othkres may be used depending on the reference

electricity mix selected [44].

2.5 Preliminary screening of candidate fluids

A successful selection of the most suitable fluidsny energy system is essential for an apprapriat
performance of a system [45]. Also, the fluid s&tat criteria depend on the application and the
environmental legislation might be a constraint][4the basic and common properties of the idead flu
that may be used in any energy system and aldmisubsystems of the plant presented in this paer
[47-49]:
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e Thenormal boiling point (NBP) of the fluid has to be lower than the corsgleg temperature in order
to operate above the atmospheric pressure and awaitiltration risk.

« Thecritical temperature of the fluid has to be higher than the design emsthg temperature.

« Thefreezing point has to be low enough to avoid crystallization peais when exchanging heat with
LNG.

« Largelatent heat of vaporization to reduce the mass flow rate, reduce the sizeeofrtstallation and
operating cost.

» Low viscosity to reduce the pressure drops and thermal losses.

e Low specific volume (or high density) to reduce the energy consumption by pumping and the
installation cost that are related with the sizahaf equipment. The volume of the fluid leaving the
expander determines the turbine size.

« Chemical stability at the operating temperatures.

« Safe (nontoxic, nonflammable, noncorrosive, etc.).

« Environmentally friendly (null ozone depletion potential — ODP and low glotvarming potential —
GWP).

« Good availability andlow cost.

Although the characteristic listed above are thetndesirable, it is difficult to find a fluid thaeets all
them. On the other hand, the subsystems of thegpobration plant presented in this paper operate wi
lower condensing temperatures that the typical REB$ and with lower temperature than common
District Cooling networks [50]. Therefore, the cheteristics of the working fluids and heat transfer
fluids that operate in this kind of plant have squaeticularities. For example, the candidate fldatsthis
plant must have much lower freezing point than rmafsthe common fluids used in ORCs which
condense at ambient temperature. Moreover, the NBFEhe fluid has a particular importance in
cryogenic power systems. If the condensation teatpex is lower than the NBP of the fluid, the
condensing pressure is below the atmospheric pessul air infiltration may occur. Thus, the freegi

of air moisture might cause problems. Also, flamtaamixtures can be generated if using flammable
working fluids [16].

Table 2 shows the thermophysical properties [5thba warming potential (GWP) [52] and ASHRAE
safety group (flammability and toxicity) [53] ofdtpotential candidate fluids for the polygenerafianmt.

The traditional classification of fluids as ‘wetdry’ or ‘isentropic’ is not so useful in this casEor
certain fluids, this classification depends on thgerating conditions [54], which are significantly
different for each subsystem of the polygenerapitant. On the other hand, despite some refrigerants
such as R11, R12, R13, R22, R123, R115 and R502bmaglso potential candidates due to their low
freezing point, they are dismissed because all tlaeen 0zone depletion substances. The particular

operating constraints for the candidate fluidsasfresubsystem of the plant are the following:

« Power cycle RC-1: Condensing temperaturg f) = max(-136C, NBP+1C) to ensure condensation

above atmospheric pressure; Freezing point < n®6fa, T,,) to prevent crystallization in the
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condenser; and critical temperature > than condgns@mperature to allow condensation in heat
exchanger C-1.

« DC and power cycle RC-2: NBP < DC supply temperaturd,(=-50°C) to ensure working above
atmospheric pressure; Freezing point lower tharDiiesupply temperature to prevent crystallization
in the condenser; and critical temperature > tin@ndesign temperature at the exit of heat exchanger
C-4, C-5 and C-6T,s = T,, = T,, =-30°C) to allow the condensation in heat exchanger C-2.

« Power cycle RC-3: NBP < than the condensing temperatufg$-10°C); Limit of E0S (g, iN
Table 2) higher than the top temperature of thdec{&,, andT,, = 300C). Critical temperature >

than condensing temperature to allow condensatidveat exchanger C-3.

3. Resultsand discussion

A comparative assessment is performed betweenreliffecandidate working fluids and heat transfer
fluids for each subsystem of the polygeneratiomipleith LNG exergy recovery. The results obtained f
each subsystem of the plant are presented in tleving order: Power cycle RC-1 (section 3.1); Dt
Cooling network and the power cycle RC-2 (sectid?);3and power cycle RC-3 (section 3.3). Finalhg t
performance of the whole polygeneration plant ialeated when operating with the previously selected
fluids (section 3.4). The candidate fluids for eacibsystem of the plant are chosen according \Wih t

constraints described in section 2.5.

3.1 Fluid selection for the power cycle RC-1

To select the most suitable working fluid for thewr cycle RC-1, we considered as indicators the
power produced, the mass flow rate of working flulte seawater consumption, the size of the turbine
and both the thermal and the exergetic efficiendigégure 2 shows the performance results for each
preselected candidate fluid that fits the operatiagstraints stablished for the power cycle RC-GthB
the high pressure and the intermediate pressureadcalated to optimize the net power. The follogvin

observations can be made:

* Figure 2 (a) shows the power production by metiicdf LNG and the high pressure of the cycle for
each candidate fluid. Since a low NBP entails a lmandensation temperature (because of the
condensing pressure has to be above the ambiesguped, the candidate working fluids with the
lowest NBP report the highest energy productionthis sense, methane is the working fluid that
reports the highest energy produced by metric fohNG (10 kWh/t-LNG) followed by R14 (9.6
kWh/t-LNG). Oxygen and argon also report an acddptaet power produced, although their top
pressures are much higher than that for the restanflidate fluids and this will imply a major
installation cost. Thus, oxygen and argon are dised as working fluids for the power cycle RC-1.
On the other hand, R152a and R134a give the lgweesér production (< 2.5 kWh/t-LNG).
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e As shown in Fig. 2 (b), methane reports the loweats flow rate of working fluid and seawater
demand (17 kg/kWh and 0.57 t/kWh, respectively)ichtis economically positive. In the comparison
with R14, methane requires 72% lower mass flow, natéle the seawater consumption is similar. In
the case of ethylene, it reports also a low massg fate (22 kg/kwWh) and a low seawater consumption
(0.68 t/kwh). However, ethylene produces 22.7% éewsgy by metric ton of LNG than methane (see
Fig. 2 (a)) and also the size of the turbine regfliis higher, which implies higher costs (see Big.
(c)). On the other hand, R218 and R152a reportshipkest working fluid mass flow rate and

seawater demand, respectively.

« Regarding the thermal and exergetic efficiencieshaf power cycle RC-1 shown in Fig. 2 (d),
methane reports one of the highest values (30.298ar2%, respectively). In the case of R14, despite
it has a thermal efficiency of 29.5% and an exécgefficiency of 32.4%, it is dismissed as working
fluid because of its environmental impact (high GVéRd its high turbine size factor in comparison
with, e.g. methane, as shown in Fig. 2 (c). Furtitee, the working fluids with relatively high NBP
(propane, propylene, R32, R134a, R143a, etc.) teffwr lowest both thermal and exergetic

efficiencies, so they are not suitable for LNG eyerecovery in the power cycle RC-1.

Fig. 2. Performance results for each candidate workind fluthe power cycle RC-1. (a) Specific energy
and high pressure. (b) Required mass flow rateasking fluid to produce a unit of energy and seawat
consumption. (c) Turbine size factor for the tudsm1l (HP) and T1 (LP). (d) Thermal and exergetic

efficiencies. Shaded area represents the desiréalpance.

According to the results, methane is selected asmtrking fluid for the power cycle RC-1. Despite i
flammability risk, methane is a natural fluid andlhows the best trade-off between all the perfocea

indicators taken into account in the selection ofking fluid for the power cycle RC-1.

3.2 Fluid selection for the District Cooling network and the power cycle RC-2

The transport of the cold from the LNG regasifioatisite to the end-users is a critical constrairthie
DC network and the power cycle RC-2. As shown ig. F, unlike the other subsystems of the
polygeneration plant that only produce mechanicavgr (power cycle RC-1, power cycle RC-3 and NG
direct expansion unit), in the DC network and tbever cycle RC-2 the length of pipelines is in thdey
of kilometers. Thus, depending on the heat trarfifiét selected the pressure drop and heat lossaue
transport affects the performance significantlythalgh the priority of this subsystem of the plasnto
provide refrigeration service, the power productisnalso analyzed. Fluid flow rates, thermal and
exergetic efficiencies, turbine size factors arukfpine characteristics are evaluated and compé&igdre
3 and Table 3 shows the performance results fan eandidate fluid in the combined DC network and

power cycle RC-2. The following observations camizle:
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Figure 3 (a) shows the refrigeration service preditb the end-users and the required mass flow rate
of heat transfer fluid for each candidate fluid.2R@Brovides the highest DCS (95.1 kWh/t-LNG)
followed by R41 (91.7 kWh/t-LNG). By the other sjde41 is the fluid which requires the lowest
mass flow rate to provide a unit of cooling (8 Rylk). Although R410A reports an acceptable
performance, it is dismissed because its high GWPitg lower refrigeration service compared with
R32 (which is being used as substitute of R410refrigeration systems [55]). Besides, £&xhibits

a good performance, with a DCS of 90.8 kWh/t-LN@(ler than the obtained with ethane, ethylene
and R23, but 4% lower than the given by R32) amdcaired mass flow rate of 10.5 kg/kWh. It is
also remarkable that R116 reports both the lowefggeration service and the highest mass flow. rate

This is mainly because of its low latent heat gfaazation (see Table 3).

Figure 3 (b) shows the power produced by metriofttNG and the fluid mass flow rate required to
produce a unit of power. R41 is the candidate with highest energy production (6.8 kWh/t-LNG)
and the lowest mass flow rate required to producenia of power (109 kg/kwh). The power
production of R32 is 3 % lower than that for R4H &ne required mass flow rate to produce a unit of
power is 23.8% higher than that for R41. Althoughaee achieves 3.6% higher power output than
CGO, and a lower mass flow rate than £ &ese differences are not higher enough to jutié higher
both environmental impact and the safety risk baee with respect to GOAlso, Fig. 3 (c) shows
that the turbine size factor and the waste heataddmvhen using CQare lower than that for ethane.
Thus, ethane is dismissed as candidate fluid ferDR network and the power cycle RC-2. On the
other hand, since ethylene and R23 both have dulstek performance not only in the power

production, but also in the refrigeration servitey are dismissed as candidate fluids.

Figure 3 (d) shows the thermal efficiency and tkergetic efficiency of the DC network and the
power cycle RC-2 for the candidate working fluiddtogether, the values of thermal efficiencies
obtained are quite poor (<6.2%). This is becausesthbsystem DC + RC-2 is not designed to produce
power exclusively, but the priority is the refrigéon service. As a consequence, the pressurde of t
cycle are not optimized for power production, bu¢ &onstrained by the refrigeration set-point
temperatures. While R41 has the highest thermaiexficy (6.2%), R32 has the highest exergetic
efficiency (31.1%). Anyway, the differences in ttieermal and exergetic efficiencies between R32
and R41 are very small. On the other hand, 6&» higher exergetic efficiency than ethane, but a

lower thermal efficiency.

Because of its high liquid and vapor density ,d® one of the fluids with the smallest pipelines
section for both the supply and return pipelinese(§able 3). This fact is positive from the
economical point of view. In the case of R32, it lmlow-section supply pipeline due to its high
liquid density, but it has the largest sectiontwd teturn pipeline because of it has the lowesbwvap
density among the candidate fluids. R41 requirpsljpies with larger section than gBut lower than
R32. On the other hand, since R41 is one of thdidate fluids with the lowest viscosity, it repods
low pressure drop in comparison with the rest oiff and that means a lower pumping consumption

to overcome the pressure losses. Furthermore rite @f the fluid has to be taken into account ttue
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the large distance of the pipeline network, whiciplies large volume of fluid. In this sense, 06

very competitive because it is a naturally abundaid.

Fig. 3. Performance analysis of the DC network and thegoaycle RC-2 for each candidate fluid: (a)
Power produced and high pressure of the cycleMaking fluid mass flow rate required per unit of
energy produced. (c) Turbine T2 size indicator wadte heat (water) demand. (d) Thermal and exergeti

efficiencies. Shaded area represents the desiréalpance.

Once the results have been analyzed we can sunamidudt: R32 achieves the highest refrigeration
service and exergetic efficiency; R41 achieveshihbest power production and thermal efficiencyd an
the lowest mass flow rate required to produce &afmiefrigeration and a unit of power. However, £O
has a notable balance between all the criteria witherformance relative similar to R-32 and R-41.
Moreover, CQ is a natural fluid with a lower environmental ingbaand a more competitive cost.

Therefore, CQis selected as working media for the DC netwottdk power cycle RC-2.

3.3 Fluid selection for the power cycle RC-3

The power cycle RC-3 operates with a high tempegasimilar to common ORCs driven by biomass
combustion heat (30%C) [48], but with a much lower condensation tempeea (-10°C), so that typical
working fluids used for ORCs in biomass power pdafe.g., toluene or ethylbenzene [56]) are out of
selection. Also, the limited temperature range dquation of state (EoS) of some potential candidate
fluids it is a constraint for the working fluid sekion process [51]. Apart from the candidate dezsed
from Table 2 that satisfy the constraint for powgcle RC-3, we also consider the binary zeotropic
mixture ammonia-water (with ammonia mass fractioh80% and 90%) as candidate because it is widely
investigated for LNG exergy recovery systems [57-%8e high and intermediate pressures of the cycle
are optimized from thermodynamic point of view taximize the power produced. Therefore, the
calculated pressures might stablish a benchmar& fature engineering stage in which the expandier w
be selected. All the candidate fluids are compavitd respect to the power produced, the workingdflu
mass flow rate required, the turbine size and lieenbal and exergetic efficiencies. Figure 4 shdves t
performance results obtained by each candidateimgifkuid in the power cycle RC-3. The following

observations can be made:

» Figure 4 (a) shows the energy production by meésmcof LNG and the high pressure of the cycle for
each candidate fluid. According to the results,pare is the candidate that is able to produce the
highest specific energy (41.8 kWh/t-LNG) with onktbe lowest top-pressure of the cycle. Also,
propylene achieves a large energy production (kWh/t-LNG), although with a slightly higher
pressure than propane. On the other hand, theapainonia-water (90% N reports a 5% higher
power production than pure ammonia, and 9.4% highan the pair ammonia-water (70% NH

Besides, the optimal high-pressure for ammonia-wpéér (90% NH) is the lowest among all the
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candidates, so that it may result in lower instalta costs. On the contrary, G@eports one of the
lowest energy production (35 kWh/t-LNG) and it rigga the highest pressure for optimizing the

power produced, which has a negative impact orscost

Figure 4 (b) shows the mass flow rate of workingdfirequired to produce a unit of energy and the
specific heat recovered in the recuperator R-2. fEsalts show that pure ammonia and ammonia-
water pairs (70% and 90% NtHheed the lowest mass flow rates to produce aodihergy (around 5
kg/kwh), which has positive impact on costs. Intcast, CQ and R143a require the highest mass
flow rates (23 and 27 kg/kWh, respectively), sohbate dismissed as candidates. On the other hand,
propane requires 13.6 kg/kWh, which is lower thhat tfor propylene and ethane. Regarding the
recuperator, ammonia-water pair (90% J)Hhas the best specific heat recovering (131 WI/kg),
followed by ethane and propane. Ammonia recovelg @ W/kg. To understand these results, Fig. 5
illustrates the profile of temperatures in the pEmator for propane, ammonia and ammonia-water
(90% NH). As it can be seen, the temperatures of hot aldi stream for the ammonia-water (90%
NHz) approach better each other along the recuperatis.fact is also positive for the reduction of

irreversibilities.

Concerning the turbine size, Fig. 4 (c) shows thibibe T3 size factor (both T3-HP and T3-LP).£O
ethane, ammonia and ammonia-water pair (70%)Neluire the lowest sizes, which may involve
lower costs [41,60]. Propane, propylene and R184aire the higher sizes mainly due to their larger
specific volumes after the expansion. Figure 4gti)ws the thermal and the exergetic efficiencies
obtained. Ethane is the fluid that achieves th&édsgexergetic efficiency: 45.1%. However, thisueal

is not higher enough than the given by propaned@j to outweigh the lower power production and
the higher pressure required by ethane. Moreoverpgme is the fluid with the highest thermal
efficiency: 37.8%. Despite propylene also showshhgficiencies, they are lower than that for
propane and its environmental impact and secwsgyds are unimproved, so propylene is dismissed
as working fluid. Moreover, ammonia and ammoniaengiairs, together with COshow the poorest

values of efficiencies.

Fig. 4. Performance analysis of the power cycle RC-3 &mhecandidate fluid: (a) Power produced and
high pressure of the cycle. (b) Working fluid mélesv rate required per unit of energy produced. (c)
Turbine size factor for T3 (HP) and T3 (LP). (d)efimal and exergetic efficiencies. Shaded area

represents the desired performance.

Fig. 5. Temperature profile in the recuperator R-2 ofgbaer cycle RC-3 for propane, ammonia and

ammonia-water pair (ammonia mass fraction 90%) akiwg fluids.
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According to the results and despite neither ofdimeulated fluids achieves all the desirable proger
propane is selected as working fluid for the powgele RC-3 because of it shows the best trade-off
between all the selection criteria. Although prap@na natural fluid with a low GWP, its flammabyjli

risk must be considered and precautions have takes in a further design of the plant.

3.4 Performance of the whole polygeneration plant

Once the fluid selection is completed for each gsiiesn of the polygeneration plant, we evaluate the
performance of the whole plant. Table 4 shows apavison of the performance of the typical LNG

regasification process (that uses seawater asshaate without cold utilization) and the performarat

the polygeneration plant that we propose in thipepaln addition, this table is a breakdown of the
contribution of each subsystem of the total perfomoe of the plant. According to the results, the

following observations can be made:

« If LNG physical exergy is wasted as in the typicBIG regasification process, the plant consumes 1.1
MW of electricity (LNG pumping). Besides, no meclah power is produced and the LNG physical
exergy is wasted. On the other hand, the proposédigneration plant with exergy recovery from
LNG-regasification produces a mechanical power8 kWh/t-LNG (13.2 MW). For instance, this
is 83% higher than the specific power producedHhsy dryogenic power plant n°2 of Osaka Gas in
Senboku Il terminal (40 kWh/t-LNG) [35]. On the ethhand, the power cycle RC-3 is the one which
contributes the most to the total power productibthe plant (57%), while the electric power given
by the DC network and power cycle RC-2 is the lIavjé$%).

The DC network provides 16.4 MW of refrigeratiomaee (91.1 kWh/t-LNG) to the end-users,
distributed for each temperature level as follo®82 MW for the low-temperature for the low-
temperature network; 6.6 MW for the medium-tempeeatnetwork; and 1.6 MW for the high-
temperature network. To account for both the dlg@ttr production and the refrigeration service
simultaneously in a single indicator, the Equivaldtiectricity Production (Eq. (18)) is used.
According with this combined parameter, the polyagation plant achieves an equivalent electricity
production of 125.3 kWh from each metric ton of LNM&yasified. Therefore, the plant can recover
more than 15% of the electric energy consumed byctimpressors of the refrigeration systems in a
typical LNG liquefaction plant (805 kWh/t-LNG proded [61]).

* Regarding the environmental impact, the proposdygpaeration plant reduces by 60% the amount
of seawater utilized in a common LNG regasificatant. Also, it reports an annual primary energy
saving of 380 GWh and it avoids the annual emission5,079 tons of CoOto the atmosphere (47.6
kg-CO,/t-LNG). Moreover, all the selected fluids for thiant are natural fluids with low GWP, so the

environmental impact is negligible if a leakagdloids in the installation occurs.

Table A2 in Appendix A shows the main thermodynanhta of each state point of the polygeneration
plan illustrated in Fig. 1 operating with the sédetfluids.
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Furthermore, to perform an exergy analysis is coier@ and instructive in LNG exergy recovery
systems. Figure 6 depicts how LNG physical exesggxploited by each subsystem of the plant. The two
components of the LNG physical exergy (pressureggxand low-temperature exergy) are identified in
this diagram. A remarkable fact is that the maximuRG physical exergy that can be exploited by the
plant is limited to 53% of the total LNG physicadeegy content at the exit of pump P-1. This is lsea
the temperature and pressure of the regasifiedalagjas are constrained by the city gas distriloutio
pipeline (5°C and 3 MPa, respectively). Thus, the still remagnilow-temperature and pressure

components of LNG exergy at the exit of the heahaxger H-5 cannot be exploited by the plant.

Fig. 6. Detailed exergy flow chart of the LNG physical egeutilization (temperature exergy + pressure
exergy) in the proposed polygeneration plant. Nartauare: PE — Pressure exergy; LTE — Low-

temperature exergy.

The power cycle RC-1, the DC network and the pawyete RC-2 and the power cycle RC-3 only exploit
the low-temperature exergy of LNG. On the otherdhahe NG direct expansion unit exploits the LNG
pressure exergy available between 7.2 MPa and 3 Mireough most of the low-temperature exergy is
exploited by the DC network and more than 90 kWINt of refrigeration are supplied to the end-users,
the useful exergy harnessed by the DC network s Only 9% of the total LNG physical exergy
exploited by the plant. This is because of thetiradehigh temperature (from the exergetic pointiefv)
required by the end-users. By decreasing the sumghperature of the DC network and also the

temperature required by the end-users, the exerg#itiency of the DC network will increase.

Finally, Fig. 7 shows an exergy flow chart of theole LNG supply chain. The aim of this figure is to
offer the reader a broad view about how the propgssygeneration plant is integrated in the whole
LNG value chain. The exergy path represented mfthure is described as follows. After extractamd
before liquefaction, the raw gas has only cheméadrgy. However, once liquefied (the liquefaction
facility consumes approximately 10% of the totas gaocessed as fuel [62]) the LNG gets also phlysica
exergy because of its low temperature. Afterwapist of the LNG transported in LNG carriers is
consumed as fuel. In the receiving terminals, thi&sLfrom tanks is pressurized before its regasificat

in the polygeneration plant, so the pressure exefdyNG increases. Although it is remarkable tha t
physical exergy of LNG due to its low-temperatunel gressure represents only around 2% of the total
exergy content of NG, this value must not be misusihod. This value seems to be very low because of
the high chemical exergy content of NG as fuelthet physical exergy of LNG is not negligible and it
can be recovered in multiple industrial applicasion
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Fig. 7. Exergy flow chart of natural gas supply chain vib integration of the proposed polygeneration
plant with exergy recovery from LNG-regasificatidrhe 100-base is assumed as the chemical exergy as

fuel of 1 metric ton of natural gas.

As shown in Fig. 7, the polygeneration system pseglan this paper exploits only the physical exesfyy
LNG and the regasified natural gas supplied toethe-users (city gas) preserves all its chemicalggxe
as fuel. According to the results and the definitgiven by Eq. (19), the exergetic efficiency oé th
proposed polygeneration plant is 40.6%, which iariyedouble than the achieved by actual cryogenic

power systems [27].

4, Conclusions

In this paper, we dealt with the selection of faighd the performance analysis of a polygenergtiamt
with LNG exergy recovery. A comparative assessnweperformed between different candidate working
fluids and heat transfer fluids for each subsysdéthe plant by using thermodynamic and environmlent
indicators. Once the fluids are selected, we evalube performance of the whole plant. The main

conclusions are:

1. All the selected fluids have some weaknesses ahduah neither of the candidate fluids is the best
for all the performance indicators, we have setethe fluids that achieve the best trade-off betwee
all the indicators: Methane for the power cycle RCzarbon dioxide for the DC network and the
power cycle RC-2; and propane for the power cydeR It is remarkable that all the selected fluids
are natural fluids. Also, the secondary fluids loé tDC network are natural fluids (ammonia and
water).

2. The polygeneration plant produces 73.3 kWh/t-LNGhef electrical energy and 91 kWh/t-LNG for
refrigeration. Also, the plant reports an equivalelectricity production of 125.3 kWh/t-LNG and
avoid the annual emission of more than 75,000 @S0G, to the atmosphere. Moreover, the plant
reduces the seawater consumption up to 60% witreotgo the typical LNG regasification process

without exergy recovery.

3. The exergetic efficiency of the polygeneration pliard0.6%. From the total exergy input in the plan
35% is converted into electricity and 9% of the LNsXergy is harnessed for refrigeration.
Furthermore, the proposed polygeneration plantwerso15% of the electrical energy consumed by
the refrigeration systems utilized for the liquéiae of natural gas in conventional liquefaction

facilities.
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Appendix A

Table Al of this appendix shows the energy and gxdralances of each component of the

polygeneration plant. On the other hand, Table A@ws the main thermodynamic data of each state

point of the polygeneration plant analyzed in tbéoer operating with the selected working fluidsl an

heat transfer fluids.
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Nomenclature

Abbreviatures

1,2,..,51 Thermodynamic state points

ACO.e Avoided carbon dioxide emissions

BB Biomass boiler

C-1...C-6 Condensers

DC District Cooling network

DCS District Cooling Service

EEP Equivalent Electricity Production

EER Energy Efficiency Ratio

EF CQ Emissions factor

EoS Equation of state

EXP NG direct expansion unit

GWP Global Warming Potential

H-1...H-5 Heaters

HP High pressure

HT High-temperature (District Cooling)
LNG Liquefied Natural Gas

LP Low pressure

LT Low-temperature (District Cooling)
LTE Low-temperature component of physical exergy
MT Medium-temperature (District Cooling)
NBP Normal boiling point

NG Natural Gas

ODP Ozone Depletion Potential

P1...P4 Pumps

PE Pressure component of physical exergy
PES Primary Energy Saving

R-1, R-2 Recuperators

RC Rankine cycle
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SW Seawater

SWS Seawater Saving

T1..T4 Turbines

TSF Turbine/expander size parameter
WH Waste heat

Variables

D Diameter (m)

Ex Exergy (KW)

f Friction factor

h Enthalpy (kJ/kg)

i Irreversibility (kW)

k Thermal conductivity (W/(m-K))
L Length of the main District Cooling network pijred
m Mass flow rate (kg/s)

p Pressure (bar)

0 Heat flux (kW)

R Thermal resistance (m K/W)
Re Reynold’s number

s Entropy (kJ/(kg- K))

T Temperature (K)

% Velocity (m/s)

14 Volumetric flow rate (r¥s)

14 Power (kW)

Greek letters

A Temperature or pressure drop
£ Roughness (m)

u Dynamic viscosity (Pa-s)

n Efficiency

p Density (kg/m)

Subscripts

0 Reference environment (exergy)
bb Biomass boiler

c Critical point

cd Conductive

cv Convective

ex Exergetic

fr Freezing point

i Inner

in Entering the system

ins insulation

is Isentropic
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lim
net
out
ph
ref
sw

th
us

Limit (heat gain)
Net (power)
Leaving the system
Physical (exergy)
Reference
Seawater

Tube wall

Thermal

Useful (Exergy)
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Table 1. Base case operation parameters.

Subsystem of theplant ~ Parameter Value

LNG LNG massflow rate, (1 y;) 180 t/h
LNG storage pressure, (p;) 0.13 MPa
LNG storage temperature, (T;) -162°C
Operating pressure of LNG in the plant 7.2 MPa

Power cycle RC-1

DC + power cycle RC-2

Power cycle RC-3

NG direct expansion unit

Temperature at the exit of C-1, C-2 and C-3 (T3, T, Ts)

Minimum condensing temperature RC-1

Inlet temperature of turbine T1 (HP) and T1 (LP), (Ty, Ty1)
Pinch temperature difference in recuperator R-1

Seawater inlet/outlet temperature H-1

DC share of refrigeration demand LT/MT/HT

Temperature at the exit of C-4, C-5 and C-6 (T,s, T27, To9)

DC supply temperature (main pipeline)

Length of DC supply (points 22— 23) and return (points 19—20) pipelines
Secondary fluid (water) supply/return temperature HT-DC

Secondary refrigerant (ammonia) supply temperatures LT/MT

Inlet temperature of turbine T2, (T5;)

Waste heat (water) stream inlet/outlet temperature, (Tsg, Tsq)

Combustion temperature inside biomass boiler, (Ty;)
Condensing temperature RC-3

Pinch temperature difference in recuperator R-2

Inlet temperature of turbine T3 (HP) and T3 (LP), (T4, T42)

Inlet temperature of EXP, (Tg)

Seawater inlet/outlet temperature H-4, H-5

Temp. of NG supplied to distribution pipeline, (Tg)
Pressure of NG supplied to distribution pipeline, (pg)

-135/-65/-15°C

-130°C
10°C
10°C
20/15°C

50/40/10%
-30°C
-50°C

2 km
5/12°C
-25/-10°C
30°C
40/35°C

850°C
-10°C
15°C

300°C

5°C
20/15°C
5°C

3 MPa




Table 2. Thermophysical properties, environmental datasafdty group of candidate fluids.

Fluid Type Tf,°C  NBP,°C  T,°C P, kPa Tpe®°C GWP®  Safety group©
R732 (Oxygen) I.C. -218.79  -182.96  -118.57 5,043 1826 - n.d.
R740 (Argon) I.C. -189.34  -185.85  -122.46 4,863 1836. - Al
R290 (Propane) HC -187.63  -42.114 96.74 4,251.2 8576.  ~20 A3
R1270 (Propylene) HC -185.2 47619  91.061 4,555 801 <20 A3
R14 PFC -183.61  -128.05 -45.64 3,750 349.85 7,390 Al
R170 (Ethane) HC -182.78  -88.581 32172  4,8722 8801.  ~20 A3
R50 (Methane) HC -182.46  -161.48  -82.586  4,599.2 @51 23 A3
R1150 (Ethylene) HC -169.16  -103.77 9.2 5,041.8 a56. <20 A3
R600a (Isobutane) HC -159.42  -11.749 134.66 3,629  1.8%0 ~20 A3
R23 HFC -155.13  -82.018 26.143 4,832 201.85 14,200 1 A
R218 PFC -147.7 -36.79 71.87 2,640 166.85 8,830 Al
R41 HFC -143.33 -78.31 44.13 5,897 151.85 107 n.d.
R600 (Butane) HC -138.26 -0.49 151.98 3,796 301.85 0 ~2 A3
R32 HFC -136.81  -51.651 78.105 5,782 161.85 716 A2L
R152a HFC -11859  -24.023 113.26  4,516.8 226.85 133 A2
R143a HFC -111.81  -47.241 72.707 3,761 376.85 4,180 A2L
R1234ze(E) HFO 10453  -18.973 109.36  3,634.9 146.85 6 A2L
R134a HFC -103.3 -26.074 101.06  4,059.3 181.85 1,370 Al
R125 HFC -100.63 -48.09 66.023  3,617.7 226.85 3420 Al
R116 PFC -100.05 -78.09 19.88 3,048 151.85 12,200 Al
R717 (Ammonia) I.C. -77.655  -33.327 132.25 11,333 826 <1 B2L
R507A HFCblend -73.1%  -46.74 70615  3,704.9 226.85 3,800 Al
R404A HFCblend -73.1%  -46.22 72.12 3,734.8 226.85 3,700 Al
R407C HFC blend -73.1%  -43.63 86.195  4,631.7 226.85 1,700 Al
R410A HFCblend -73.1%  -51.44 71.344  4,901.2 226.85 2,100 Al
R744 (Carbon dioxide) I.C. -56.558  -78.464  30.978 737 1726.85 1 Al
R1234yf HFO -53.18  -29.45 94.7 3,382.2 136.85 <4.4 A2L
R718 (Water) I.C. 0.01 99.974 373.95 22,064 172685 1 < Al

3 Limit of EoS in NIST REFPROP [51] databa8&WP 100 years [52F;ANSI/ASHRAE Standard 34 [53].
Nomenclature: I.C. — Inorganic compound; HC — Hydrocarbon; HFGHydrofluorocarbon; PFC — Perfluorocarbon; HFBydrofluoro-Olefin.



Table 3.Performance results of each candidate fluid ferDIC network and power cycle RC-2: Pipe size,
working pressures, pressure and temperature drtgmtlheat of vaporization, density and dynamicosgy.

Fluid Pipe size (DN) Pressure, kPa AP/L , (kPa/km) AT ,°C Ah,,, kJ/kg p, kg/m? u, pPa-s

S R Py Py S R S R -30°C -50°C P19 P22 Hi9  H22
Co, 150 450 854 1874 223 85.6 06 14 303.5 339.7 17.6 1155 13.8 229
R23 200 500 677 1227 108 98.6 06 04 1849 4208 21.3 1308 143 186
R32 150 900 131 648 187 10.6 09 16 356.8 1380. 3.2 1208 11.0 278
R116 200 550 591 1311 274 112 05 -9 89.9 1025 35.2 1475 151 173
Ethane 200 500 650 1200 67.8 48.9 06 038 388429.8 8.9 492 8.9 105
Ethylene 200 400 1273 2107 85.0 105 06 0.9 .7327383.6 17.0 481 170 94
R41 200 600 439 1189 186 25.8 08 14 407.0 444 71 819 11.8 162
R410A 200 900 136 843 287 234 07 13 153.5 1.7 44 1345 114 311

S: Supply pipeline (liquid) with a design velocdf/1.5 — 2.5 m/s.
R: Return pipeline (superheated vapor) with a desaocity of 20 — 25 m/s.



Table 4. Performance indicators of the LNG regasificationgess without exergy recovery and the obtained
by the polygeneration plant proposed when operatitigthe selected working fluids and heat tranfiteds
(Power cycle RC1 — Methane; DC + Power cycle RCX,; Power cycle RC3 — Propane) for an LNG
regasification capacity of 180 t/h.

Performanceindicators

Operation mode Woer, DCS, EEP, PES?, Sw, ACOL",  Tex
MW MW  kWh/t-LNG  GWhly  t-SW/t-LNG t-CO,ly %
LNG regasification without exergy recovery -1.1 0 6.2 -19 38.7 +3,691 0
Polygeneration plant with exergy recovery 13.2 16.4 125.3 380 149 -75,079 406
- Power cycle RC-1 1.8 - 9.9 30 5.7 -5,949 35.2
- DC + power cycle RC-2 1.0 16.4 57.3 174 - -34,355 8.82
7.5 - 41.8 127 - -25,033 444

- Power cycle RC-3
- NG direct expansion unit 2.9 - 16.3 49

2 Taking as a reference an efficiency of 52%
® Considering an emission factor of 0.380 kg &@/h

9.2 -9,74262.7




Table Al. Energy and exergy balance equations of al the components of the polygeneration plant.

Component

Energy balance

Exer gy balance

Condenser C-1
Condenser C-2
Condenser C-3
Heater H-1
Heater H-2
Hester H-3
Heater H-4
Heater H-5
Pump P1

Pump P2

Pump P3

Pump P4
Recuperator R-1
Recuperator R-2
Turbine T1 (HP)
Turbine T1 (LP)
Turbine T2
Turbine T3 (HP)

Turbine T3 (LP)

NG Expander (EXP)

Qc1 = 1y ng (hs — hy) = tper (hyz — hiy)

ch = 1iyng (g — h3) = Mpcarcz (hzo — h21)

Qca = 1y ng (hs — hy) = Tpcs(hag — hus)

QHl = ey (g — hyg) + Mpei (e — hyg) = My 11 (hy7 — hig)

QHZ = Mpcarcz (ha1 — hao) = My (hsg — Rh3o)

QH3 = mRC3(h40 - h47) + mRC3(h42 - h41)

QH4 = 1yng(he — hs) = msw,m(hw — hso)

QHS = 1yne(hg — hy) = mSW,HS(hSU — hs1)

Wy
Wp,
Wps

Wps

7,h'LNG (hZ - hl)
7h’RCl (h15 - h14)
7’hDC&RCZ (h22 - th)

mRC3 (h46 - h45)

QRl = tige1 (h1z — hiz) = Mhpcr(hie — has)

QRZ = mRC3(h‘43 - h4—4—) = mRC&’ (h47 - h‘46)

WTl—HP = Ty (ho — Ryp)

WT1—LP = tger (h1g — ha2)

WTZ = Mpcarcz (31 — Rao)

WT3—HP = Tz (hyo — hat)

WT3—LP = hpcs(hap — has)

WEXP = 1iyne (he — hy)

oy = Ex, + Exys — Exy — Ex,,

Iy = Exz + Exyg — Exy — Exyy

I3 = Exy + Exyy — Exg — Exyq

Iy1 = Exqo + Exy6 + Ex;; — Exg — Ex;; — Exyq
Ly, = Exsg + Exsg — Ex3; — Exao

Iys = Exgy + Exyy + Qs (1 = TT_;) — Exy0 — EXyp
Iya = Exg + Exyg — Exg — Exyo

Iys = Ex,; + Exsg — Exg — Exg;

Ipy = Exy + Wy, — Ex,

Ipy = Exyq + Wpy — Exy5

Ipy = Exyy + Wpy — Exy,

Ipy = Exys + Wpy — Exyg

Iy = Exyy + Exys — Ex;3 — Exy

Iry = Exy3 + Exsg — Exys — Exyy

iTl—HP = Exg - Exlo - WTI—HP

Ipiop = Exyq — Exqp = Wrip

Iy, = Exsy — Exi9 — Wr

Iys—pp = Exgo — EXgq — Wia_pp

Irs_ip = Exyy — Exys = Wra_pp

Ipxp = Exe = Ex; — Wiyp




Table A2. Thermodynamic data of each state point of thegmigration plant when operating with the selected

working fluids and heat transfer fluids (Power eyBIC-1 — Methane; DC + power cycle RC-2 —Clbwer

cycle RC-3 — Propane).

N°  Flud s th T,°C p MPa h, kikg s, kdi(kg-K) N°  Fluid m,th T,°C p MPa h kikg s, kdi(kg-K)
1 LNG 1800 -1620 013 91268 6693 27 CQ 69.1 -300 143  -69.96 -0.741
2 LNG 1800 -1586 7.20 -89050  -6.644 28  CQ 173  -488 143  -41133  -2.151
3 LNG 1800 -1350 7.20 -807.98  -5.990 29 ,CO 173 -300 143  -69.96 -0.741
4 NG 1800 -650 720 -43755  -3904 30 CQ 1728 -300 143  -69.96 -0.741
5 NG 1800 -150 720 -189.79 2813 31 CQ 1728 300 143  -927 -0.517

6 NG 1800 5.0 720 -129.39  -2.588 32 NH 219 250 015  1430.62 5.983

7 NG 1800 -478 300 -21010  -2524 33  NH 219 250 015  86.12 0.564

8 NG 180.0 5.0 3.00 -78.24 -1.997 34 NH; 18.2 -10.0 0.29 1450.66 5.757

9 Methane 31.0 100 1053 -153.95  -2.838 35 NH 182 -100 029  153.95 0.829

10 Methane 31.0 -621 320 25398  -2.754 36  Water 2007 120 010 5051 0.181

11 Methane 31.0 100 320  -68.43 -1.994 37 Water 2007 50 010 2112 0.076

12 Methane 31.0 664 075 -21042  -1.870 38 Water501.7  40.0 010  167.62 0.572

13  Methane 31.0 -1129 075 -31690  -2454 39  Water 5017 350 010  146.72 0.505

14 Methane 31.0 -130.0 075 -79553  -5781 40 Propane 102.6 3000 18.15 1131.22 3.142
15 Methane 31.0 -1229 1053 -760.82  -5.723 41 pave 1026 2212 339 101131  3.185
16 Methane 31.0 -952 1053 -654.34  -5074 42 Propane 102.6 3000 339 123305  3.601
17 Seawater 1017.0 200 030  84.19 0.296 43 Propane 102.6 2219 035 104598  3.669
18 Seawater 1017.0 150 030  63.27 0.224 44  Peoparl02.6 173 035  609.95 2.552
19 co 1728 04 085  -31.26 -0.503 45 Propane 102.6 -100 035  175.20 0.908

20 Cco 1728 10 068  -27.89 -0.450 46 Propane 102.6 23 1815 218.28 0.948

21 CoQ 1728 500 068 -41385  -2.160 47 Propane 1028684 1815  654.31 2.187

22 Cco 1728 -495 188 -41248  -2158 48 Seawater 519.5 200 030  84.19 0.296

23 Co 1728 -488 143 -41133  -2151 49 Seawater 5195 150 030  63.27 0.224

24 CO 86.4  -488 143 -411.33  -2.151 50 Seawater 1134ZD.0 030  84.19 0.296

25  CO 86.4  -300 143  -69.96 -0.741 51 Seawater 11340 150 030 6327 0.224

26 CO 69.1  -488 143  -411.33  -2.151
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Wietres! Ming (KWh / t-LNG)
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CE: Chemical exergy

LTE: Low-Temperature exergy

PE: Pressure exergy
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(*) The liquefaction facility consumes approximately 10% of the total gas treated.

(**) LNG transport Qatar-Tokyo for an LNG ship of 160,000 m®. Fuel consumption of 72 t-LNG/day and average speed of 19 knots.



Highlights

»  Physical exergy of Liquefied Natural Gas (LNG) is exploited via polygeneration.

e Operating fluids are selected for a polygeneration plant that exploits LNG exergy.

*  Thesdected fluids are natural: Methane, CO, and propane.

»  Theplant regasifies 180 t-LNG/h producing 125 kWh/t-LNG of equivalent electricity.
*  Theexergy efficiency of the polygeneration plant modelled in this paper is 40.6%.



