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Abstract: A Kalina cycle-based integration concept of municipal air-conditioning, electricity and
gas is investigated thermodynamically, economically, and environmentally to reduce the carbon
intensity of these supplies, with attention to hot climatic conditions. The proposed poly-generation
system is driven by low-grade renewable or surplus heat, and utilizes waste exergy from liquefied
natural gas vaporization for refrigeration and power augmentation. At nominal conditions (130 ◦C
driving heat), approximately 561 and 151 kJ of refrigeration and useful power per kg of liquefied
natural gas regasified are generated by the proposed system, respectively, at effective first-law and
exergetic efficiencies of 33% and 35%, respectively. The Kalina sub-system condenser cryogenic heat
rejection condition is found to triple the system useful electrical output compared with high ambient
temperature condenser heat sinking conditions. Per million ton per annum of liquefied natural
gas vaporization capacity, yearly net power savings of approximately 74 GWhe could be achieved
compared to standard air-conditioning, electricity, and gas supply systems, resulting in 11.1 kton of
natural gas saved and 30.4 kton of carbon dioxide-equivalent emissions avoided annually. The yearly
net monetary savings would range from 0.9 to 4.7 million USD per million ton per annum of liquefied
natural gas regasified at local subsidized and international electricity market prices, respectively,
with corresponding payback periods of 1.7 and 2.5 years, respectively.

Keywords: district cooling; power; liquefied natural gas (LNG) regasification; Kalina;
economic; environmental

1. Introduction

The growth in energy demand driven by developing economies, combined with energy security
concerns and climate change, have prompted the exploitation of more sustainable energy resources,
particularly renewable and excess resources. Buildings are currently responsible for over a third of final
global energy use and 20% of energy-related greenhouse gas (GHG) emissions [1]. Buildings’ share
of global energy use will increase by mid-century, and the demand for cooling in buildings has been
predicted to overtake that for heating by the end of the century [2]. The deployment of district cooling
(DC) systems in high-cooling density urban areas, and use of waste heat/cold and halocarbon-free
refrigerants are among the key recommended mitigation approaches to reduce the environmental
impact of building air-conditioning [1,3]. In hot and densely populated regions, DC systems can offer
significant advantages over individual cooling systems, including higher efficiency, flexible capacity,
lower energy-, maintenance- and construction costs, higher reliability, and space savings at the end-user
site [4]. Although the sustainability enhancement of DC systems relies in large part on the use of
low-carbon energy sources [5], renewable heat is still marginally exploited in such systems globally [6].
Furthermore, natural cold (e.g., deep water), used in certain DC systems [7], is not available in hot
climate regions.
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The thermodynamic performance and economic viability of low-grade heat-driven systems is
generally constrained by the limited temperature difference between the heat source and environmental
sink, particularly in hot climate regions. To address the lack of natural cold sources/sinks in such regions,
the exploitation of artificial cold, such as cryogenic waste exergy released during the regasification
of liquefied natural gas (LNG), is a potential option for DC [5]. LNG waste cold utilization has
been extensively investigated to enhance the efficiency of thermal power cycles, mainly consisting
of organic Rankine and Brayton cycles driven by low and medium-grade heat, respectively [8–10].
Substantially less efforts have been invested in LNG cold exergy utilization for cooling provision in
municipal air-conditioning and refrigeration systems, or for the enhancement of Kalina cycle (KC)-based
energy conversion systems. Such systems can offer improved thermal matching with sensible heat
sources and sinks (such as vaporized LNG) and operational flexibility, compared with cycles using pure
working fluids, and consequently lower irreversibilities, and avoid the use of ozone-depleting or global
warming working fluids [11]. KC configurations particularly adapted to low-grade heat utilization
include Kalina cycle system (KCS) 34 for combined power and municipal heat applications [12] and
other KC variants [13]. Low-grade heat driven KC-based combined absorption power-cooling (APC)
cycles, without integration with LNG regasification, have also been proposed [14].

With regard to LNG cold utilization for municipal cooling, the extraction of excess cold from
LNG receiving terminals was proposed in [15] to reduce the primary energy consumption of future
Singapore-based DC networks, with significant socio-economic benefits predicted. Mugnini et al. [16]
investigated the recovery of waste cold from the regasification of liquefied compressed natural gas
(L-CNG) at mobility refueling stations for direct cooling in an Italian DC network. Cooling electricity
consumption was estimated to reduce by 50–60% compared with standard individual cooling.
In study [17], a multi-stage Rankine cycle-based LNG cold utilization scheme was designed for
district electricity and cooling supply at several temperature levels in a Spanish DC network. Up to
125 kWh of equivalent electric energy could be extracted per kg of LNG [18]; however, economic
feasibility and carbon abatement were not analyzed. Ayou and Eveloy [19,20] proposed LNG-assisted
organic Rankine, Brayton, and ammonia-water (NH3-H2O) combined APC cycle concepts driven by
ultra-low to medium-grade heat (i.e., 70–370 ◦C). Depending on configuration, these systems could
yield a range of cooling-to-power ratios (2.3–7.3) at effective first-law and exergy efficiencies of 24–39%
and 36–45%, respectively. The highest cooling-to-power ratios (i.e., ≥7) and best low-temperature heat
(i.e., 25–100 ◦C) utilization capabilities were obtained with the organic Rankine cycle (ORC) [19] and
APC-based configurations [20]. The Brayton-based configuration led to the highest specific energy
savings per ton of regasified LNG and effective thermodynamic efficiency (i.e., 135 kWh/tonLNG and
45.5%, respectively), while the ORC-based configuration was the most attractive in terms of lower
initial investment and payback time at low-bound utility tariffs [19].

In this study, a compromise in driving heat temperature, specific equivalent power extraction from
cryogenic cold and cooling-to-power ratio, is sought using an LNG-assisted KC-based poly-generation
concept. The scheme is designed to supply air-conditioning, electricity, and fuel to municipal energy
systems in the proximity of LNG vaporization terminals, with a focus on high ambient temperature
conditions, in which natural thermal sinks are lacking.

Previous studies related to KC-type LNG exergy recovery systems include [21–27], none of which
investigated the potential adaption and/or application of these concepts to municipal (district) cooling.
The LNG-assisted KC-based systems in Refs. [24–27] incorporated cooling production, which is the
focus of the present work.

Ghaebi et al. [24] proposed a single-stage ammonia-water APC system derived from a KC and
activated by hot water at 170 ◦C. Chilled water at 5 ◦C was produced by extracting heat from the
strong solution, which was pre-cooled by the LNG stream. LNG was neither employed for cycle
condenser heat sinking, nor direct chilling of an external fluid. A cooling-to-power ratio of 1.3 was
achieved, with first- and second-law efficiencies of 43.2% and 22.5%, respectively. The results indicated
a pronounced efficiency degradation at increasing condenser temperature (27–33 ◦C).
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Zhang et al. [25] investigated a tri-generation system incorporating an ammonia-water KC
activated by waste heat at 260 ◦C, and a R134a vapor compression cycle (VCC) for air refrigeration at
8 ◦C. LNG absorbed heat serially from the KC and VCC condensers, and generated power via direct
expansion. At base-case conditions, a cooling-to-power ratio of 0.9 was obtained, with a tri-generation
exergy efficiency of approximately 60%. The KC power output, overall power generation thermal
efficiency, and waste heat/cold recovery efficiencies were found to increase with ammonia turbine inlet
temperature, whereas cooling production and exergy efficiency reduced.

Emadi et al. [26] analyzed a geothermal energy-driven (120 ◦C heat source) poly-generation
system producing power using a KC and Stirling cycle, residential cooling, hydrogen, and oxygen.
LNG absorbed heat from the Stirling cycle condenser, provided electricity via direct expansion and
direct cooling to domestic users at 5 ◦C, with no direct LNG interaction with the KC. The cycle favored
power production (i.e., cooling-to-power ratio <0.6), with 43.5% exergy efficiency obtained.

Abbasi et al. [27] analyzed a multi-generation system for power, cooling and desalted water
production, including a KC and reverse osmosis desalination plant. The KC was driven by turbine
exhaust gases from a concentrated solar power plant (>200 ◦C heat source). LNG extracted heat
from the KC condenser, provided direct expansion power, and direct cooling for domestic uses.
Overall energy and exergy efficiencies of 41 and 21.2% were achieved, but the cooling output was
limited (i.e., cooling-to-power ratio of ~0.1).

In summary, the investigation of LNG cryogenic exergy to enhance KC-based multi-generation
systems with cooling production has been limited to date, with the following research gaps:

• Limited cooling-to-power ratios were achieved (i.e., <1.3), with LNG considered as a direct coolant
in only few instances.

• Heat source temperatures generally above 150 ◦C were required for the systems to operate,
which would not permit to utilize abundantly available lower grade heat, such as from
non-concentrated solar, geothermal, power, or industrial systems.

• The potential adaption and/or application of these concepts to municipal (district) cooling was
not considered.

• The proposed cycle architectures were complex, which is not considered desirable for deployment
in LNG receiving/distribution facilities.

• The focus has generally been on thermodynamic performance characterization, rather than
economic feasibility and carbon abatement potential.

Considering that dual electricity and elevated air-conditioning demands are characteristic of
municipalities in hot climates, the above research gaps are addressed as follows in the present study:

• An LNG-assisted KC-based poly-generation concept is investigated to supply air-conditioning,
electricity, and regasified LNG to municipalities in the proximity of LNG vaporization terminals,
in a more sustainable way than with conventionally fueled supply systems.

• The proposed system provides both direct LNG refrigeration and indirect vapor compression
refrigeration at a mid to high cooling-to-power ratio, thereby responding to building energy
demands in hot climates.

• The cycle concept is thermally activated by low-grade heat at a nominal 130 ◦C condition,
representative of solar collector or geothermal fluids, or low-temperature power/industrial
waste heat.

• A complex system architecture is avoided in terms of the number of components and working
fluid loops, both for deployment and economic considerations.

• The system is evaluated from thermodynamic, economic, and environmental perspectives.

The integration concept of municipal cooling, power and fuel supplies is described in Section 2,
and its mathematical modeling in Section 3. The system thermodynamic modeling results are presented
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and discussed in Section 4, and its carbon abatement potential and economic profitability are analyzed
in Section 5. Finally, the main conclusions of this study are presented in Section 6.

2. Liquefied Natural Gas-Assisted Kalina Cycle-Based Poly-Generation System

The proposed poly-generation system for municipal cooling, electricity, and revaporization of
LNG is depicted in Figure 1. The system is driven by low-grade heat (nominally at 130 ◦C, with an
operable range of 90–170 ◦C), representative of evacuated tube or compound parabolic solar collectors,
or low-temperature power/industrial waste heat [28]. Such low-temperature heat sources have received
increasing attention for power or cooling production, owing to their abundance [29,30]. The system
of Figure 1 includes a KC power sub-system producing electricity (streams 6→19), an LNG cold
extraction and vaporization sub-system (streams 1→ 5) which acts as a heat sink to the KC condenser
and produces supplemental power via direct NG expansion, and a DC chiller plant sub-system
comprised of an electricity-driven VCC and direct refrigeration heat exchanger (RHX).
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Figure 1. Schematic representation of liquefied natural gas (LNG)-assisted, Kalina cycle
(KC)-based poly-generation system for municipal air-conditioning, electricity generation, and LNG
vaporization. Chiller = electricity-driven vapor compression chiller; EVA = evaporator; EVA-CON =

evaporator-condenser; EXP = LNG expander; GEN = electric generator; HTREC = high-temperature
recuperator; LTREC = low-temperature recuperator; MIX = mixer; PUMP = LNG pump; RHX =

refrigeration heat exchanger; SEP = vapor-liquid separator; SEV = solution expansion valve; SP =

solution pump; TUR = KC turbine.

The topping sub-system is based on a KCS 34 configuration, which is designed for the conversion
of low-grade heat (i.e., typically ≤120 ◦C), mainly in combined power and district heating applications,
and is one of the most widely-adopted KC designs [11,12]. In this KC configuration, the separator (SEP)
can overcome incomplete vaporization of the working fluid for low-enthalpy heat sources, ensuring
that only vapor is fed to the turbine. The low- and high-temperature internal heat recuperators (LTREC,
HTREC) recover heat from the turbine outlet and weak solution, respectively, to pre-heat the basic
solution fed to the evaporator.

In the KC sub-system, the basic ammonia-water solution from the evaporator-condenser
(EVA-CON) heat exchanger (stream 6) is pumped to a high pressure (stream 7) by the solution
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pump (SP). The basic solution is then pre-heated in the low- and high-temperature recuperators
(LTREC and HTREC, respectively) before entering the evaporator (EVA). In the evaporator, the basic
solution (stream 9) is partially boiled using the external low-temperature heat source (e.g., solar or
geothermal heat, or industrial or power plant waste heat). The vapor-liquid ammonia-water mixture
leaving the evaporator (stream 10) is separated into vapor (steam 11) and liquid (stream 13) streams
using the vapor-liquid separator (SEP). The ammonia-rich vapor (stream 11) expands in the turbine
(TUR, stream 11→ 12), with electrical power generated using the coupled electric generator (GEN 2).
A fraction of the mechanical power developed by the turbine is supplied to the solution pump.
Since the molecular weights of ammonia and water (17 and 18 kg/kmol, respectively) are similar,
normal back-pressure turbines [31] are recommended. Furthermore, no special turbine materials are
required using an ammonia-water mixture [31]. The weak, in ammonia, liquid (stream 13) rejects heat in
the HTREC (stream 13→ 14) to pre-heat the basic solution (stream 8→ 9). After throttling to the turbine
exhaust pressure in the solution expansion valve (SEV, stream 14→ 15), the weak solution (stream 15)
from the high-temperature recuperator is mixed adiabatically with the turbine exhaust (stream 12)
in the mixer (MIX). The mixed stream (stream 16) enters the evaporator-condenser heat exchanger
(stream 17) after pre-heating the basic solution (stream 7→ 8) in the LTREC (stream 16→ 17).

In the LNG sub-system, LNG is vaporized in the evaporator-condenser using the heat of
condensation rejected by the working fluid of the topping Kalina power cycle. The regasified LNG is
expanded in the LNG expander (EXP), generating electricity in the coupled electric generator (GEN 1).
The waste cold energy and electricity inputs required to produce chilled water via direct and indirect
cooling, and to distribute cold to DC end-users, are supplied by the LNG sub-system.

In subsequent sections of this article, the useful electricity and refrigeration products,
thermodynamic efficiency, economic saving and GHG emission avoidance potential of the
poly-generation system relative to conventional supply systems are analyzed per unit feed rate
of vaporized LNG (i.e., 1 kg/s), which is a common approach for LNG exergy recovery systems and
facilitates performance comparison with other systems [32]. The system characteristics at municipal
energy system level are then analyzed for a modular million ton per annum (MTPA) LNG vaporization
capacity, representative of a small-size floating storage and regasification unit (FSRU) [33]. Such a
capacity could either fulfill the refrigeration and electrical loads of a small-size municipal energy
system, or serve for either partial retrofitting or expansion of a larger-scale district energy system.

3. Mathematical Model

The thermodynamic model of the poly-generation system is developed based on energy and mass
conservations, exergy balances, working fluid thermodynamic property relations, and heat transfer
relations, implemented in Engineering Equation Solver (EES). The following typical assumptions
are applied:

• Steady-state steady-flow processes [22];
• Negligible potential and kinetic energy effects [22];
• Negligible heat losses/gains between the components and connecting pipes, and the

environment [22];
• The vapor-liquid mixture leaving the KC evaporator (stream 10) is at the evaporator temperature

and pressure [31];
• The vapor and liquid streams leaving the KC separator are at equilibrium (i.e., t11 = t13 and p11 =

p13) [31] and saturated [21];
• Isenthalpic expansion in the KC solution valve [34];
• Saturated liquid solution at the KC condenser outlet (stream 6), at the condenser pressure and

temperature [25];
• The vapors at the KC turbine and LNG expander outlets have a quality of at least 88% to avoid

potential moisture erosion of these equipment induced by wet working fluids [20];
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• Constant isentropic efficiencies for the KC turbine and solution pump, and LNG expander and
LNG pump [23];

• Pressure drops of 5% in heat exchangers [35]; negligible pressure drop and thermal loss in
pipelines [22];

• LNG is taken as pure methane with real fluid properties [21].

Based on the above assumptions, the generic modeling equations based on mass and energy
conservation laws, and exergy balances for each system unit (u) are expressed as follows.

Overall mass balance: ∑
i∈IN(u)

.
mi −

∑
i∈OUT(u)

.
mi = 0, (1)

Species (i.e., ammonia in ammonia-water mixture) mass balance:∑
i∈IN(u)

zi
.

mi −
∑

i∈OUT(u)

zi
.

mi = 0 (2)

Energy balance, with heat flow into a unit and work developed by a unit taken as positive:∑
i∈IN(u)

hi
.

mi −
∑

i∈OUT(u)

hi
.

mi +
.

Qu −
.

Wu = 0 (3)

Exergy balance:

∑
i∈IN(u)

exi
.

mi −
∑

i∈OUT(u)

exi
.

mi +

(
1−

T0

T̂u

)
.

Qu −
.

Wu =
.

ExD,u (4)

The specific exergy of a stream is obtained by summing its specific physical exergy and specific
chemical exergy:

exi = exph,i + exch,i (5)

Given that no chemical reaction or combustion are involved in the proposed system, the chemical
exergy of each stream is assigned zero value, except in the topping KC, where species concentration
differs between streams, hence chemical exergy and total exergy. Stream physical and chemical exergies
are calculated using Equations (6) and (7), respectively [36]:

exph,i = (hi − h0) − T0(si − s0) (6)

exch,i =
zi

MNH3

e0
ch,NH3

+
(1− zi)

MH20
e0

ch,H20 (7)

In Equation (7), e0
ch,NH3

and e0
ch,H20, which represent the standard molar specific chemical exergies

of ammonia and water, respectively, are obtained from Szargut [37]. No mixing effect (i.e., RT0
∑

i zilnzi)
is included in Equation (7), given its small importance relative to the other terms [36]. The total exergy
flow rate of a stream is expressed as:

.
Exi =

.
miexi (8)

The exergy destruction rate for unit u,
.

ExD,u, may be obtained from the exergy balance in
Equation (4) or the Gouy-Stodola theorem [38]:

.
ExD,u = T0

.
Sgen,u (9)
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where the entropy production rate,
.
Sgen,u, is given by:

.
Sgen,u =

∑
i∈OUT(u)

si
.

mi −
∑

i∈IN(u)

si
.

mi −

.
Q,u

T̂u
(10)

The exergy destruction ratio of each unit, yu, is expressed as the ratio of the exergy destruction in
the unit considered (

.
ExD,u) to the total exergy destruction of the system (

.
ExD,sys) [38]:

yu =

.
ExD,u
.

ExD,sys
(11)

When a fuel and product can be meaningfully defined for a unit, the exergy efficiency of the
unit, εex,u, can be evaluated as the ratio of the exergy rates of the product generated by the unit,

.
ExP,u,

and fuel supplied to the unit,
.

ExF,u [38]:

εex,u =

.
ExP,u

.
ExF,u

(12)

The exergy destruction rate of the unit may also be related to the exergy rates of its fuel and
product, and exergy loss,

.
ExL,u [38]:

.
ExF,u =

.
ExP,u +

.
ExD,u +

.
ExL,u (13)

Mass and energy relations, and exergy relations for the poly-generation system units are given in
Tables A1 and A2, respectively.

Typical design and operating parameter values for base-case thermodynamic, economic and
environmental assessment of the poly-generation system are listed in Table 1. The system is thermally
activated by hot water at 130 ◦C and the corresponding saturation pressure (i.e., 2.7 bar). To operate
the system, the basic ammonia-water solution needs to partially vaporize in the evaporator at its
operating conditions (30 bar, 0.82 kg/kg of ammonia mass fraction) using the heat source heat input.
The ammonia mass fraction of the basic ammonia-water solution entering the EVA is set based on an
existing Kalina power plant in Husavik, Iceland, which uses 82% ammonia by weight [31]. Accordingly,
the minimum and maximum heat source temperatures (t18,min and t18,max) that correspond to the
bubble (i.e., saturated liquid) and dew (i.e., saturated vapor) temperatures of the ammonia-water
mixture at the evaporator exit (stream 10, Figure 1) are determined to be 86 ◦C and 171 ◦C, respectively,
at nominal conditions (p10 = 30 bar, z10 = 0.82 and ∆Teva = 5 ◦C). The heat source mass flow rate (

.
m18) is

calculated by minimizing the thermal capacitance rates mismatch between the heat source (i.e., water)
and ammonia-water in the evaporator. This is achieved by adjusting the heat source temperature
(t19) at the evaporator outlet to reach a similar temperature difference at the hot and cold ends of the
evaporator [39].
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Table 1. Input modeling parameters for the KC-based poly-generation system at nominal conditions.

Input Variable Value

KC sub-system
Heat source inlet temperature, t18 (◦C) 130

TUR inlet temperature, t11 (◦C) [23] 120
TUR inlet pressure, p11 (bar), based on [23] 30

TUR exhaust pressure, p12 (bar) 2
TUR isentropic efficiency, ηtur (%) [40] 85

SP isentropic efficiency, ηsp (%) [40] 80
Basic solution ammonia concentration, zb (kg/kg) [31] 0.82

EVA, EVA-CON, HTREC and LTREC minimum temperature difference, ∆Tmin (◦C) 5
Overall heat transfer coefficient, U (W/m2K) [41–44]

EVA 1100
EVA-CON 500

HTREC 700
LTREC 700

LNG sub-system
Storage temperature, t1 (◦C) [32] −162

Storage pressure, p1 (bar) [32] 1.3
Mass flow rate,

.
m1 (kg/s) [32] 1

PUMP isentropic efficiency, ηLNG,pump (%) [35] 80
EXP inlet pressure, p3 (bar) [45] 150

EXP isentropic efficiency, ηLNG,exp (%) [32] 90
RHX overall heat transfer coefficient, U (W/m2K) [43] 200

RHX minimum temperature difference, ∆TRHX (◦C) [46] 5
DC chilled fluid return/supply temperature, t20/t21 (◦C) [47] 13.3/4.4 a

Chiller coefficient of performance, COPchiller [47] 5
NG supply pressure, p5 (bar) [8] 30 b

General
Ambient (dead state) temperature, t0 (◦C) [36] 25

Ambient (dead state) pressure, p0 (bar) [36] 1.0
Mechanical coupling efficiency, ηmech (%) [31] 98

Electric generator efficiency, ηgen (%) [31] 96
a Central chiller plant of DC system; b Natural gas supply condition for local distribution.

3.1. System Performance Indices

The thermodynamic performance of the poly-generation system is assessed based on its net power
and cooling rates, cooling-to-power and direct-to-indirect cooling ratios, component- and system-level
exergy destruction rates, as well as system energetic and exergetic efficiencies that account for the
thermodynamic qualities of the system power and cooling outputs. The net electrical power output
generated by the KC sub-system is evaluated as:

.
Wnet,el = ηgen(ηmech

.
Wtur −

.
Wsp) (14)

where ηgen and ηmech are the electric generator efficiency and mechanical coupling efficiency, respectively.
In Equation (14), the work developed by the KC sub-system ammonia turbine (TUR) and consumed by
the solution pump (SP) are given by Equations (15) and (16), respectively:

.
Wtur =

.
m11(h11–h12) (15)

.
Wsp =

.
m6(h7 –h6) (16)
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The net electrical power generated by the LNG sub-system, which is used to drive a vapor
compression chiller plant for indirect cooling production, is given by:

.
WLNG,net,el = ηgen(ηmech

.
Wexp −

.
Wpump) = ηgen

( .
m1(ηmech(h3 − h4) + h1 − h2)

)
(17)

The LNG sub-system direct and indirect cooling outputs are given by Equations (18) and
(19), respectively:

.
Qrhx =

.
mc f ,direct (h20 − h21) =

.
m1(h4 − h5) (18)

.
Qchiller =

.
mc f , indirect (h20 − h21) = COPchiller·

.
WLNG,net,el (19)

where the chilled water return and supply streams enthalpies (h20 and h21, respectively) are calculated
at typical chilled water temperatures and pressures for a central DC chiller plant.

The total cooling output (
.

Qcold), direct-to-indirect cooling ratio (RC) and cooling-to-power ratio
(R) are defined in Equations (20) to (22):

.
Qcold =

.
Qrhx +

.
Qchiller (20)

RC =

.
Qrhx
.

Qchiller

(21)

R =

.
Qcold
.

Wnet,el

(22)

Effective first-law efficiency and effective exergy efficiencies [48] are used as thermodynamically
consistent and realistic system performance indicators. The use of an effective first-law efficiency
avoids potential overestimation of system thermodynamic performance using a first-law efficiency
(Equation (23)), which in some instances can approach or exceed its thermodynamic limit [48]:

ηI =

.
Wnet,el +

.
Qcold

.
Qeva

(23)

Unlike the first-law efficiency (Equation (23)), the effective first-law efficiency in Equation (24)
accounts for the thermodynamic quality of the cooling output by weighting it with a practically
realizable refrigerator COP, or equivalently, by dividing the exergy rate of the cooling produced by a
reasonable refrigerator second-law efficiency [48]:

ηI,e f f =

.
Wnet,el +

.
Qcold

COPactual
.

Qeva

=

.
Wnet,el +

.
Excold
ηII,re f

.
Qeva

(24)

Thus, the effective first-law efficiency in Equation (24) is defined from the viewpoint of converting
heat into power, whereby the system total net equivalent power generated (i.e., numerator of
Equation (24)) is the sum of the net power generated by the system, and actual power consumed to
produce the cooling output. In Equation (24), the second-law efficiency of the refrigeration system,
ηII,re f , is the ratio of its actual COP (COPactual) to its ideal COP (COPrev), and is taken as 30% [46,49].

The exergy rate of the cooling product (
.

Excold) in Equation (24) is calculated as:

.
Excold =

.
mc f [(h20 − h21) − T0(s20 − s21)

]
(25)
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where
.

mc f is the total (i.e., direct and indirect) chilled water mass flow rate, which is the sum of
.

mc f ,direct
and

.
mc f ,indirect. The utilitarian exergy efficiency is commonly defined as [50]:

ηex =

.
Wnet,el +

.
Excold

.
∆Exhs +

.
∆ExLNG

(26)

Based on similar considerations as for the effective first-law exergy efficiency, the system effective
exergy efficiency (ηex,e f f ) [48] in Equation (27) is intended to realistically incorporate the equivalent
power associated with the cooling output, which is considered the primary useful output in the
present study:

ηex,e f f =

.
Wnet,el +

.
Qcold

COPactual
.

∆Exhs +
.

∆ExLNG

=

.
Wnet,el +

.
Excold
ηII,re f

.
∆Exhs +

.
∆ExLNG

(27)

In Equations (23) and (25),
.

∆Exhs and
.

∆ExLNG are the net exergy inputs to the system from the
heat source (stream 18→19) and the LNG stream (stream 1→5), respectively, and are obtained using
Equations (28) and (29), respectively:

∆
.
Exhs =

.
m18 [(h18 − h19) − T0(s18 − s19)] (28)

∆
.
ExLNG =

.
m1 [(h1 − h5) − T0(s1 − s5)] (29)

The above system performance indices complement the unit-level relations in Tables A1 and A2,
derived from the generic mass, energy, and exergy relations outlined in Section 3.

3.2. Model Validation

The simulation outputs obtained for the KC and LNG sub-systems are compared in Table 2 with
corresponding reference data from Ogriseck [31] for a KC having a configuration similar to that of
the present topping cycle, and from Shi and Che [35] for a similar LNG component arrangement
(i.e., LNG pump, EXP and RHX), respectively. The results obtained in Table 2 are in good agreement
with the reference data. For the KC sub-system, predicted stream temperatures, pressures, ammonia
concentrations and mass flows are within a worst-case 1% of reference data, with the exceptions of t7

(i.e., ±0.5 ◦C (6%) deviation) and p6 (i.e., ±0.08 kPa (1.7%) deviation), which should be considered in the
context of their small steam temperature (i.e., t6 = 8 ◦C) and pressure (i.e., p6 = 4.6 kPa) values, and small
deviations (i.e., ±0.5 ◦C for t7, ±0.08 kPa for p6) for these streams. In addition, energy quantities for the
KC and LNG sub-systems are within 0.5% and 0.2% of reference data, respectively.
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Table 2. Comparison of model outputs for the KC sub-system and LNG sub-system; (a) present study,
(b) Ogriseck [31] and (c) Shi and Che [35].

Stream Properties for KC Sub-System

Stream (i)
ti (◦C) pi (kPa) zi (kg NH3/kg Solution)

.
mi (kg/s)

(a) (b) (a) (b) (a) (b) (a) (b)

6 8.0 8.0 4.68 4.6 0.82 0.82 16.80 16.80
7 8.5 8.0 35.3 35.3 0.82 0.82 16.80 16.80
8 40.6 41.0 34.3 34.3 0.82 0.82 16.80 16.80
9 62.9 63.0 33.3 33.3 0.82 0.82 16.80 16.80
10 116.0 116.0 32.3 32.3 0.82 0.82 16.80 16.80
11 116.0 116.0 32.3 32.3 0.9698 0.97 11.42 11.40
12 42.7 43.0 6.6 6.6 0.9698 0.97 11.42 11.40
13 116.0 116.0 32.3 32.3 0.5023 0.50 5.38 5.40
14 45.6 46.0 31.3 31.3 0.5023 0.50 5.38 5.40
15 46.0 - 6.6 - 0.5023 - 5.38 -
16 45.6 46.0 6.6 6.6 0.82 0.82 16.80 16.80
17 29.9 30.0 5.6 5.6 0.82 0.82 16.80 16.80

Energy data for KC sub-system

Parameter (a) (b) (a)–(b) Deviation (%)

EVA heat duty (kW) 2194.76 2194.80 −0.04 0.46
Electrical power output (kW) 15,688.16 15,779.32 −91.16 0.002

Energy data for LNG sub-system

Parameter (a) (c) (a)–(c) Deviation (%)

EXP power (kW) 5147.21 5147.30 −0.09 0.002
PUMP power (kW) 155.47 155.75 −0.28 0.180

RHX heat duty (kW) 562.78 562.70 0.08 0.012

(a) present model output, (b) Ogriseck data [31], (c) Shi and Che data [35]. Deviation refers to percentage
prediction discrepancy between present model output and reference data. Input parameters for model assessment:
KC sub-system: t18 = 122 ◦C,

.
m18 = 89 kg/s, t2 = 5 ◦C, zb = 0.82,

.
mb = 16.8 kg/s, p11 = 32.3 bar, and p12 =

6.6 bar. LNG sub-system: t1 = −162 ◦C; p1 = 101.3 kPa; p2 = 3324.1kPa;
.

m1 = 16.36 kg/s; t3 = 110.5 ◦C;
p3 = 3000 kPa; p4,exp = 300 kPa; t4,rhx = 20.5 ◦C; p4,rhx = 285 kPa; t5,rhx = 35.6 ◦C; ηpump = 80%; ηexp = 90%.

4. Thermodynamic Modeling Results and Discussion

The system thermodynamic performance is analyzed in Section 4.1 at the nominal operating
conditions detailed in Table 1. The sensitivity of system performance to key input modeling parameters
is then parametrically evaluated in Section 4.2.

4.1. Nominal Conditions

The specific refrigeration and net power outputs, and performance characteristics of the
poly-generation system under the typical design and operating conditions in Table 1, are reported
in Table 3. The corresponding stream properties are listed in Table 4, and the T-s diagram of the
thermodynamic processes is shown in Figure 2. In the cryogenic sub-system, LNG state changes from
a saturated liquid (stream 1) to a superheated vapor (stream 5) above the saturation dome of methane
(Figure 2).

The system produces approximately 150.6 kJ/kgLNG of net electrical power and 561.5 kJ/kgLNG

of refrigeration at cooling-to-power and direct-to-indirect cooling ratios of 3.7 and 0.98, respectively.
The use of the cryogenic sink for the KC sub-system condenser is found to almost triple the net electrical
power production of the topping KC (i.e., from 51.6 kJ/kgLNG to 150.6 kJ/kgLNG) compared with ambient
condenser heat sinking (i.e., 35 ◦C/40 ◦C inlet/outlet cooling water temperatures, representative of
hot climatic conditions in e.g., the Middle East basin). These net power productions were estimated
for the same amount of condenser heat rejection (i.e., 625.9 kW), in either ambient water-cooled or
LNG-cooled condenser conditions. The power augmentation contributed by the cryogenic sink is
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associated with a reduction in the KC sub-system turbine (TUR) outlet pressure relative to an ambient
sink (i.e., from 14 to 2 bar, equivalent to an increase in pressure ratio from 2.1 to 15).

Table 3. LNG-assisted KC-based poly-generation system overall energy- and exergy-based performance
characteristics at nominal conditions listed in Table 1.

Parameter Value

Useful products (kJ/kgLNG)
Direct LNG refrigeration,

.
Qrhx 277.8

Compression refrigeration,
.

Qchiller 283.7

KC sub-system net electrical power,
.

Wnet,el 150.6

LNG sub-system net electrical power,
.

Wnet,el,LNG 56.7
Thermal power (kJ/kgLNG)

KC sub-system evaporator,
.

Qeva 786.1

LNG sub-system evaporator–KC condenser,
.

Qeva−con 625.9

KC sub-system HT recuperator heat duty,
.

Qhtrec 97.9

KC sub-system LT recuperator heat duty,
.

Qltrec 83.3
Mechanical power (kJ/kgLNG)
KC sub-system turbine,

.
Wtur 164.1

KC sub-system solution pump,
.

Wsp 3.9

LNG expander,
.

Wexp 107.1

LNG pump,
.

Wpump 45.8
Overall performance indicators

Net specific equivalent power output, SEP
(kWh/tonLNG) 71.7

Cooling-to-power ratio, R (-) 3.7
Direct-to-indirect cooling ratio, Rc (-) 0.98
Effective first-law efficiency, ηI,eff (%) 32.7

Exergy efficiency, ηex (%) 25.2
Effective exergy efficiency, ηex,eff (%) 35.4

Table 4. Stream thermodynamic properties for the poly-generation system (Figure 1) at nominal conditions.

Stream (i) ti
(◦C)

pi
(bar)

zi
(kg/kg)

.
mi

(kg/s)
hi

(kJ/kg)
si

(kJ/kg·K)
exph,i

(kJ/kg)
exch,i

(kJ/kg)
exi

(kJ/kg)

1 −162 1.3 - 1.0 −912.68 −6.693 1083.14 - 1083.14
2 −155.4 157.9 - 1.0 −866.86 −6.614 1105.47 - 1105.47
3 −0.77 150 - 1.0 −240.93 −3.293 741.12 - 741.12
4 −89.5 31.6 - 1.0 −348.00 −3.228 614.61 - 614.61
5 8.3 30 - 1.0 −70.24 −1.969 517.02 - 517.02
6 −16.4 1.8 0.82 0.699 70.49 0.809 192.96 16,278.51 16,471.47
7 −15.8 34.99 0.82 0.699 76.13 0.813 197.29 16,278.51 16,475.80
8 9.9 33.2 0.82 0.699 195.27 1.255 184.64 16,278.51 16,463.15
9 39.3 31.6 0.82 0.699 335.24 1.726 184.14 16,278.51 16,462.65

10 120 30 0.82 0.699 1459.66 4.874 369.92 16,278.51 16,648.43
11 120 30 0.9597 0.504 1841.99 5.931 482.19 19,043.27 19,525.46
12 10.2 2 0.9597 0.504 1516.13 6.138 94.62 19,043.27 19,137.89
13 120 30 0.4603 0.196 475.17 2.153 80.83 9159.44 9240.27
14 14.9 28.5 0.4603 0.196 −25.21 0.677 20.59 9159.44 9180.03
15 15.4 2 0.4603 0.196 −25.21 0.688 17.35 9159.44 9176.80
16 14.9 2 0.82 0.699 1084.98 4.614 72.78 16,278.51 16,351.29
17 4.2 1.9 0.82 0.699 965.84 4.208 74.82 16,278.51 16,353.33
18 130 2.7 - 3.25 546.38 1.635 63.57 - 63.57
19 72.72 2.7 - 3.25 304.68 0.988 14.63 - 14.63
20 13.3 5.3 - 15.03 56.34 0.200 1.39 - 1.39
21 4.4 5.0 - 15.03 18.97 0.067 3.50 - 3.50

Note: state points documented in Figure 1.
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The present system operates at effective first-law efficiency and effective exergy efficiency values
of 32.7% and 35.4%, respectively. Without considering the thermodynamic quality of the cooling output
(i.e., without weighting the cooling output by a practically realizable refrigerator COP), the system
first-law and exergy efficiencies would be evaluated at 90.6%, which is considerably higher than its
effective first-law efficiency, and 25.2%, respectively, which is less than the effective exergy efficiency.
The corresponding net specific equivalent power production (i.e., SEP, which is the sum of the actual net
electrical power, and equivalent power consumed to produce the cooling output) is of 71.7 kWh/tonLNG.
When also considering the electrical power avoided for seawater pumping in open-rack vaporizers in
conventional terminals (i.e., 8 kWh/tonLNG [45]), the system could save 79.7 kWh/tonLNG of electricity
through the use of low-temperature renewable/excess heat and cryogenic cold, as substitutes for
conventional driving energy sources.

The system performance, in terms of SEP, efficiency, and cooling-to-power ratio (Rc) (when
applicable), is compared with corresponding figures previously reported for LNG-assisted KC-based
power cycles [22,23]) and dual power/cooling cycles [24] in Table 5. These cycles [22–24] had more
complex architectures than in this study and were activated using higher heat source temperatures.
Despite the lower enthalpy heat source in this study, the present system effective efficiencies and
cooling-to-power ratio exceed those of Ghaebi et al.’s dual power/cooling cycle [24]. In addition,
the cooling-to-power ratio achieved with the present system (i.e., 3.7) is also well above those
encountered for other previously reported LNG-assisted KC-based multi-generation systems (i.e.,
0.9 [25], <0.6 [26], ~0.1 [27]). The present cooling-to-power ratio is achieved through the use of LNG as
a direct coolant, unlike in for example Ref. [24], where refrigeration is provided to chilled water by
extracting heat from the strong KC solution, which is pre-cooled by LNG. Finally, in this study the NG
utilization (supply) pressure is higher than in Refs. [22–24] and suitable for municipal distribution.

When comparing the present system with the LNG-assisted ORC, Brayton, and APC cycle concepts
previously investigated in [19,20], the ORC [19] and APC-based [20] configurations offer the lowest
temperature (i.e., 25–100 ◦C) heat utilization capabilities, and the APC the highest cooling-to-power
ratio (i.e., Rc ≥ 7). However, this is at the expense of limited specific equivalent power (i.e., SEP ≈
41–51 kWh/tonLNG) for these systems. The Brayton-based system [19] is preferable from SEP (i.e.,
135 kWh/tonLNG) and effective efficiency (i.e., ηex,,e f f ≈ 45%) perspectives, but requires at least
300 ◦C heat source temperature to operate (and 370 ◦C at base-case conditions), with limited cooling
output (Rc ≈ 2.3). The present system therefore represents a compromise in driving heat temperature,
cooling-to-power ratio, specific equivalent power extraction from cryogenic cold, and effective efficiency
(ηI,e f f , ηex,,e f f ) compared with the LNG-assisted concepts previously investigated in [19,20].
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Table 5. Comparison of present poly-generation system performance characteristics with those of
previously reported LNG-assisted KC-based power and dual power/cooling generation systems.

Cycle
Configuration

tHS,in
(◦C)

pmax
(bar) zNH3 (kg/kg)

KC Tcond,sink,in
(◦C)

and Coolant

tNG,out (◦C)
pNG,out (bar) Rc (-) SEP

(kWh/tonLNG) η (%)

This work a 130 35 0.82 −155.4 (LNG) 30 bar
8.3 ◦C 3.7 71.7

ηI,e f f = 32.7%
ηex = 25.2%
ηex,e f f = 35.4%

Double KC-open
Rankine LNG

power cycle [22]
170 35.7 0.61 (TKC)

0.90 (BKC)

32.1 (TKC,
NH3-H2O)
−160.5 (BKC,

LNG)

5 bar
25 ◦C N/A 103.6 ηI = 26.8%

ηex = 41.1%

KC-ORC-open
LNG Rankine

power cycle [23]
163 32 0.80 (TKC) −133.9 (TKC,

ethane)
10 bar
−12.41 ◦C N/A 66.8 ηI = 13.3%

ηex = 26.1%

KC-based APC a

[24] 170 35 0.40 20 (water) 3 bar
20 ◦C 1.3 139.7

ηI,e f f = 22%
ηex = 29.5%
ηex,e f f = 32.4%

a For dual power/cooling cycles, SEP and effective efficiencies are evaluated using a typical refrigerator second-law
efficiency, ηII,re f , of 30% [48,49]. BKC = Bottoming KC. N/A = not applicable. pmax = maximum cycle pressure.
Tcond,sink,in = KC condenser cooling fluid inlet temperature. tHS,in = heat source inlet temperature. TKC = topping KC.
tNG,out, pNG,out = NG outlet temperature and pressure, respectively. zNH3 = KC basic solution NH3 concentration.

Assuming a terminal with 1 MTPALNG nameplate vaporization capacity and yearly availability of
8000 h, the system could supply approximately 16.26 MW of space cooling, 4.36 MW of net electrical
power, and 0.91 Mton of natural gas to the district. The corresponding primary energy consumption
reduction, carbon abatement and economic benefits are analyzed in Section 5.

The exergy rates of the fuel, product, destruction, and loss for the system units, and their exergy
efficiencies, are given in Table 6. The total exergy destruction rate is approximately 524 kJ/kgLNG.
The EVA-CON and RHX are the highest contributors to total exergy destruction, with limited exergy
efficiencies. These units would be the key components for further improvement of system performance.
Their exergy destruction rates are mainly attributed to the thermal capacitance mismatch between the
hot and cold streams (i.e., basic NH3/H2O solution and LNG in the case of EVA-CON, and chilled water
and regasified LNG for the case of RHX). The thermal capacitance match between EVA-CON hot (state
6→7) and cold (state 2→3) streams could be reduced using cascaded heat-driven power/refrigeration
cycles (e.g., cycles at different heat sink temperature levels), but this would significantly increase
system complexity, which is avoided in deployed LNG cold exergy recovery systems. Although there
is a significant amount of heat transfer with finite temperature difference in the EVA, this unit only
contributes 6% to total exergy destruction. This is due to the assumed perfect thermal capacitance match
between the hot water heat source and basic NH3/H2O solution boiling in the EVA. Exergy destruction
in the HTREC and LTREC are also associated with the thermal capacitance mismatch between their
respective hot and cold streams, but their destruction rates are not significant. This is attributable
to the relative small rates of exergy these components process. Thus, LTREC has limited exergy
efficiency, but its fuel exergy rate is of small magnitude. By contrast, TUR, LNG EXP, and LNG PUMP
process significant rates of fuel exergy, but their exergy destruction rates do not exceed a few percent
of total system destruction. There is limited room for reducing TUR and LNG EXP destructions
rates, considering their relatively high exergy efficiencies, but a higher efficiency component could be
considered for the LNG PUMP. The SEP was assumed to be an ideal component (i.e., ideal equilibrium
temperature and pressure conditions at inlet/outlets), resulting in negligible destruction. Minor exergy
destructions are also observed in the MIX, SEV, and SP. Although a more efficient SP could be considered,
this component processes a small rate of fuel exergy and is not considered critical. By contrast, the MIX
and SEV process significant fuel exergy rates, but have high efficiencies. The exergy efficiency of
the vapor compression chiller is limited, but this component does not contribute significantly to the
system’s total destroyed exergy.
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Table 6. Exergy rates of the fuel, product, destroyed exergy, exergy loss, and exergy efficiency for the
poly-generation units at nominal conditions.

Unit
.

ExF,u (kW)
.

ExP,u (kW)
.

ExL,u (kW)
.

ExD,u (kW) yu (%) εex,u (%)

EVA-CON 364.4 82.6 0 281.8 53.8 22.7
KC EVA 159.2 129.9 0 29.3 5.6 81.6

KC HTREC — — 0 12.1 2.3 —
KC LTREC 8.8 1.4 0 7.4 1.4 0.2

KC MIX 11,431.2 11,431 0 0.2 0 ≈100
KC SEP 11,638.7 11,638.7 0 0 0 ≈100
KC SEV 1795.2 1794.6 0 0.6 0.1 ≈100
KC SP 3.9 3 0 0.9 0.2 76.6

KC TUR 195.2 164.2 0 30.9 5.9 84.2
GEN1 59.1 56.7 0 2.4 0.5 95.9
GEN2 157.0 150.6 0 6.4 1.2 95.9

LNG EXP 126.5 107.1 0 19.4 3.7 84.6
LNG PUMP 45.8 22.3 0 23.5 4.5 48.7

RHX 97.6 15.7 0 81.9 15.6 16.1
Chiller 56.7 16.1 13.7 26.9 5.1 28.3

Note: Exergy relations for poly-generation system units given in Table A2.

4.2. Off-Design Conditions

The influence of the following key parameters on the thermodynamic performance of the
poly-generation system is investigated: heat source inlet temperature (t18), KC basic solution ammonia
concentration (z6), KC turbine (TUR) inlet pressure (p12) and isentropic efficiency (ηtur), and LNG
expander (EXP) pressure ratio (prexp) and isentropic efficiency (ηexp).

The influence of heat source temperature, t18, on the system electrical and cooling energy
production, and effective efficiencies, is illustrated in Figure 3. The heat source temperature is varied
between 90 ◦C and 170 ◦C, which is within its operable range (i.e., 86–171 ◦C at the nominal EVA
pressure and basic solution ammonia mass fraction). This heat source temperature range corresponds to
the bubble and dew points of the ammonia-water mixture at these nominal pressure and concentration
conditions, plus the EVA minimum temperature difference. When the heat source inlet temperature
increases from 90 ◦C to 170 ◦C, the mechanical power developed by the LNG EXP rises from 86.8 to
143.6 kJ/kgLNG, leading to a rise in indirect cooling output by the VCC (Figure 3a). However, since the
specific enthalpy at the outlet of the LNG EXP (stream 4) increases when t18 increases, the RHX direct
cooling output of the system decreases. The net electrical power output of the KC increases when t18

increases, as more vapor is generated (i.e., rising from 0.44 to 0.6 kg/kgLNG) in the EVA (at constant
EVA pressure), and as the specific enthalpy drop across the TUR (∆h11→12) increases from 271.6 to
371.8 kJ/kgLNG. In addition, the SP power consumption decreases from 9.4 to 3.4 kJ/kgLNG, since the
basic solution mass flow rate (

.
m6) decreases from 1.66 to 0.601 kg/kgLNG. The effective first-law

and effective exergy efficiencies increase with increasing heat source inlet temperature (Figure 3b)
due to the following collective effects. As noted above, the net electrical power output of the KC
increases. In addition, the actual work contribution of the total cooling output in the effective first-law
and effective exergy efficiency definitions (i.e.,

.
Excold/ηII,re f in Equations (19) and (21), respectively)

also increases from 97.4 to 122.8 kJ/kgLNG when t18 increases. The above rise in the system effective
outputs offsets the increase in the driving heat input (i.e., EVA heat duty,

.
Qeva) and in the driving

exergy input from the heat source (∆
.

Exhs) both (i.e., from 665.1 to 965.4 kJ/kgLNG and from 110.2 to
237.7 kJ/kgLNG, respectively).
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Figure 3. Effect of heat source inlet temperature on poly-generation system performance: (a) Useful
cooling and electrical power outputs; (b) Overall efficiencies.

Figure 4 shows the effect of the KC basic solution ammonia concentration (z6) on the system
performance at different heat source inlet temperatures, t18 (i.e., 110 ◦C, 130 ◦C, 150 ◦C). This figure also
illustrates the existence of a minimum inlet heat source temperature to drive the system (i.e., t18,min),
the value of which increases when z6 reduces at a given EVA pressure. Accordingly, for any assumed
heat source temperature and EVA operating pressure, a minimum z6 is required for the system to
function (e.g., z6 ≥ 0.65 at t18 = 110 ◦C), beneath which no net output is produced. With regard to
the useful power output, an increase in z6 results in a decrease in the basic solution mass flow rate,
and consequently of the SP power consumption. The gross power output of the TUR increases up
to approximately z6 = 0.85 kg/kg, and then slightly decreases at higher z6 values. Combining these
effects, the KC net electrical power output gradually increases (Figure 4a). With regard to the cooling
output, as z6 increases from 0.5 to 0.9, the direct cooling output increases, while the indirect cooling
output decreases, leading to a reduction in total cooling output (Figure 4a).Energies 2020, 13, x FOR PEER REVIEW 16 of 31 
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Figure 4. Effect of the KC sub-system basic solution ammonia concentration on poly-generation system
performance at different heat source inlet temperatures (t18 = 110 ◦C, 130 ◦C, and 150 ◦C): (a) Useful
cooling and electrical power outputs; (b) Overall efficiencies.
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The effective first-law and effective exergy efficiencies both increase with increasing z6 range,
with the effective exergy efficiency reaching optimum values at 0.85 kg/kg (i.e., 33% at t18 = 110 ◦C,
35.5% at t18 = 130 ◦C, and 38.3% at t18 = 150 ◦C).

The influence of the KC turbine (TUR) inlet pressure, p12, on the system useful outputs and
effective efficiencies, is illustrated in Figure 5 at several inlet heat source temperatures, t18 (i.e., 110 ◦C,
130 ◦C, and 150 ◦C). There are minimum and maximum pressure levels (that correspond to the dew
and bubble points of the working fluid) in order for the system to operate at a given heat source
temperature. For a given heat source inlet temperature, as p12 increases within these minimum and
maximum pressure levels, the amount of vapor generated in the EVA decreases, resulting in less vapor
flowing through the TUR (i.e.,

.
m11). The power generated by the KC attains an optimum value for each

heat source temperature (Figure 5a). This is mainly due to the trade-off between the amount of vapor
flowing through the TUR (i.e.,

.
m11), and the enthalpy drop across the turbine (∆h11→12). The power

consumption of the SP increases as the EVA pressure, hence p12, increases, but is small relative to the
TUR gross power output (i.e., <6%) over the range of p12 considered.
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Figure 5. Effect of the KC sub-system turbine inlet pressure on poly-generation system performance at
different heat source temperatures (t18 = 110 ◦C, 130 ◦C, and 150 ◦C): (a) Useful cooling and electrical
power outputs; (b) Overall efficiencies.

The direct cooling output of the system augments as p12 increases, whereas the indirect cooling
output decreases (leading to an increase of the direct-to-indirect cooling ratio from 0.86 to 1.59, 0.77 to
1.42, and 0.63 to 1.33 at t18 of 110 ◦C, 130 ◦C, and 150 ◦C, respectively). This results in a reduction
of the total cooling output at a given heat source inlet temperature, when p12 increases (Figure 5a).
The effective first-law efficiency of the system gradually increases as p12 increases between the minimum
and maximum pressure limits, while the effective exergy efficiency decreases (Figure 5b). This is
contributed by the reduction in the (weighted) exergy of the total cooling output, and a rise in the
exergy input of the heat source as p12 increases.

The effect of LNG expander pressure ratio, prexp, on the poly-generation system performance is
investigated in Figure 6 at different heat source temperatures, t18 (i.e., 110 ◦C, 130 ◦C, and 150 ◦C).
As LNG expander pressure ratio increases, the operating pressure of the LNG vaporizer (i.e., EVA side
of the EVA-CON heat exchanger) also increases. As a result, the heat input required in the LNG
vaporizer is reduced by 33.5%, 31.6% and 29.4% at t18 of 110 ◦C, 130 ◦C, and 150 ◦C, respectively,
when prexp is increased from 2 to 9. Hence, less heat has to be rejected by the KC to vaporize the LNG.
This implies that less ammonia-water solution is needed to circulate in the KC as prexp increases, and the
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mass flow rate of the basic solution decreases. Consequently, the strong solution and ammonia-rich
vapor mass flow rates (

.
m13 and

.
m11, respectively) also decrease. Accordingly, the amount of mechanical

power generated by the KC TUR decreases (i.e., from 175.2 to 116.6 kJ/kgLNG at 110 ◦C; from 198.9 to
136.1 kJ/kgLNG at 130 ◦C; and from 227.9 to 161.0 kJ/kgLNG at 150 ◦C). The mechanical power consumed
by the SP also decreases. As a result, the net electrical power output of the system decreases (Figure 6a).
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Figure 6. Effect of LNG expander pressure ratio on poly-generation system performance at different
heat source temperatures (t18 = 110 ◦C, 130 ◦C, and 150 ◦C): (a) Useful cooling and electrical power
outputs; (b) Overall efficiencies.

Both the LNG expander (EXP) power output and power consumption of the LNG pump increase
when prexp increases, and increase at different rates. Consequently, the net electrical power output of
the LNG sub-system (which is utilized by the VCC plant for indirect cooling production), hence indirect
cooling output, reaches an optimum value. On the other hand, the direct cooling output of the system
increases (i.e., from 153.1 to 385.8 kJ/kgLNG at 110 ◦C; from 132.8 to 364.36 kJ/kgLNG at 130 ◦C; and from
108.5 to 339.4 kJ/kgLNG at 150 ◦C) as the prexp increases from 2 to 9. Combining these effects, the total
cooling output exhibits a maximum at a prexp between 5 and 6 (Figure 6a).

The variations of the effective first-law and effective exergy efficiencies with respect to prexp are

shown in Figure 6b. Both the net exergy input (i.e., sum of
.

∆Exhs and
.

∆ExLNG, equal to 566.1 kJ/kgLNG)
and heat supplied to the system decrease (i.e., by 33.5%, 31.6%, and 29.4% at t18 of 110 ◦C, 130 ◦C,
and 150 ◦C, respectively) when prexp increases from 2 to 9. The effective first-law efficiency also
increases over the range of pressure ratios in Figure 6b, but the effective exergy efficiency attains an
optimum value (i.e., 33.4%, 35.8%, and 38.3% for t18 of 110 ◦C, 130 ◦C, and 150 ◦C, respectively), at a
prexp between 3 and 4.

Figures 7 and 8 show the influence of the KC TUR and LNG EXP isentropic efficiencies, ηtur and
ηexp, respectively, when varied from 50% to 100%, on the system useful outputs and efficiencies.
The mechanical power generated by the KC TUR increases from 78.3 to 171.2 kJ/kgLNG, from 93.1
to 196.8 kJ/kgLNG and from 109.8 to 229.4 kJ/kgLNG at t18 of 110 ◦C, 130 ◦C, and 150 ◦C, respectively,
when ηtur increases from 50% to 100%. However, in the same range, the power consumption of the SP
remains almost constant at approximately 4.3–4.7 kJ/kgLNG, 3.8–4.0 kJ/kgLNG, and 3.6–3.7 kJ/kgLNG at
t18 of 110 ◦C, 130 ◦C, and 150 ◦C respectively. Consequently, when the ηtur increases from 50% to 100%,
the net electrical power output of the system increases by approximately 125.1%, 116%, and 112.5% at
t18 of 110 ◦C, 130 ◦C, and 150 ◦C, respectively.
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Figure 7. Effect of KC sub-system turbine isentropic efficiency on poly-generation system performance
at different heat source temperatures (t18 = 110 ◦C, 130 ◦C and 150 ◦C): (a) Useful cooling and electrical
power outputs; (b) Overall efficiencies.
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Figure 8. Effect of LNG expander isentropic efficiency on poly-generation system performance at
different heat source temperatures (t18 = 110 ◦C, 130 ◦C, and 150 ◦C): (a) Useful cooling and electrical
power outputs; (b) Overall efficiencies.

When the KC TUR isentropic efficiency, ηtur, is increased, the LNG EXP inlet temperature, t3,
decreases, and consequently the enthalpy at the LNG EXP inlet and outlet (i.e., h3 and h4, respectively)
decreases. This leads to a reduction in the mechanical power generated by the LNG EXP, while the
enthalpy change across the RHX (∆h4→5) increases. In parallel, the power consumption of the LNG
pump remains constant at 45.8 kJ/kgLNG. Since the net electrical power generated by the LNG
sub-system decreases, the indirect cooling output produced by the VCC also decreases. However,
the direct cooling output increases. Combining these effects, the total cooling output decreases
(Figure 7a).

In parallel, as the KC TUR isentropic efficiency, ηtur, increases, the heat required in the EVA and
the net exergy input of the system increase approximately by 10.4–11.4% and 8.2–10.9%, respectively.
The simultaneous effects of increased TUR net electrical power output, reduction in total cooling and
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increased heat/exergy inputs lead to an increase in both the effective first-law and effective exergy
efficiencies when ηtur increases (Figure 7b). This is mainly the result of the significant increase in TUR
power output due to its increased efficiency.

The isentropic efficiency of the LNG EXP, ηexp, has no influence on the KC net electrical power
output of the system; however, it has a strong effect on both the direct and indirect cooling outputs
(Figure 8a). When ηexp increases from 50% to 100%, the mechanical power generated by the LNG EXP
increases from 54 to 107.9 kJ/kgLNG, 59.5 to 119.0 kJ/kgLNG and 66.1 to 132.1 kJ/kgLNG at heat source
inlet temperatures, t18, of 110 ◦C, 130 ◦C, and 150 ◦C, respectively. It is obvious, however, that the
power consumption of the LNG pump is insensitive to ηexp. Consequently, the VCC indirect cooling
output increases significantly. Furthermore, the RHX direct cooling also increases, as the enthalpy at
the LNG EXP outlet decreases, and therefore the total cooling output increases.

When the LNG expander isentropic efficiency is increased, the heat input and total exergy input
(i.e., sum of

.
∆Exhs and

.
∆ExLNG) to the system remain constant at 729.2 and 699.6 kJ/kgLNG, 786.1 and

725.3 kJ/kgLNG, and 853.5 and 758.1 kJ/kgLNG at heat source inlet temperatures, t18, of 110 ◦C, 130 ◦C,
and 150 ◦C, respectively. Consequently, because the total cooling output increases (Figure 8a), the
effective first-law and effective exergy efficiencies of the system also rise (Figure 8b).

5. Economic Feasibility and Carbon Abatement

The benefits of the proposed multi-generation system are evaluated at nominal conditions
(Table 1) in terms of its contributed net yearly economic savings, net present value (NPV), discounted
payback period (DPBP), internal rate of return (IRR), and GHG emissions reduction. For this analysis,
the poly-generation system driving heat input is assumed to be surplus/waste heat with negligible or no
processing/pre-treatment cost [38,51]. The yearly gross economic savings are estimated by comparison
with a standard system of reference, producing electricity using a natural gas fueled-combined cycle
(NGCC), space cooling using a grid electricity-driven vapor compression chiller (without waste cold
utilization), and vaporized LNG using grid electricity-driven seawater pumps. The yearly gross
economic savings obtained with the proposed poly-generation system are associated with (i) the
electricity generated by the KC sub-system using excess heat, (ii) the electricity saved for both cooling
production using waste cold exergy-driven vapor compression cooling and direct LNG cooling, and by
avoiding the use of seawater circulation pumps in open-rack LNG vaporizers, and (iii) the avoided cost
of carbon emissions for electric power generation. The avoided carbon emissions are the product of the
grid electricity consumption avoided for power and cooling generation, and LNG vaporization, by the
local grid specific emission factor (EF). The yearly emissions cost is the product of the yearly emissions
and specific emission cost (EC). This analysis is undertaken per kg/s of LNG vaporized, and translated
to 1 MTPALNG vaporization capacity. The NPV of the poly-generation system is defined as:

NPV =
n∑

t=0

Rt

(1 + i)t (30)

where i denotes the yearly discount rate (DR), t the time period (i.e., year) of analysis, n the number
of periods (i.e., system operating life (OL)), and Rt the net cash income in period t. The yearly net
cash income is the sum of the poly-generation system yearly gross monetary benefits, and avoided
annual O/M costs of the standard compression chiller and LNG vaporization facility, reduced by the
annual O/M cost of the poly-generation system and its annual overhead (OH), insurance/taxes (I/T),
and depreciation costs.

The fixed capital (FC) costs of the main poly-generation system units are estimated using the cost
functions in Table 8. These functions are based on the value of USD at the time when the cost functions
were first published. To account for the effect of inflation, the units’ fixed capital costs are brought to
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a reference year for the present study (i.e., 2016) using the Chemical Engineering Plant Cost Index
(CEPCI) [52]:

C2016 = Cy
CI2016

CIy
(31)

where C2016 is the 2016 cost, Cy is the cost estimated using the cost function at year y, and CI2016 and CIy

are the cost indices, respectively, for reference year 2016 and for the year in which the cost function was
first published (y). The annual average composite CEPCI values for years 1986, 1994, 1998, 2005 and
2016 are 318.4, 368.1, 389.5, 468.2, and 541.7, respectively [53,54]. The capital cost of the mixer (MIX) is
neglected due to its small magnitude relative to other units [36]. The total capital investment of the
multi-generation system is obtained as the sum of the FC investment and working capital (WC) [38].
The capital annuity factor (CAF) is evaluated as:

CAF =
i(1 + i)n

(1 + i)n
− 1

(32)

The system heat exchangers are assumed to be shell-and-tube [36,55] made of carbon steel [11,34],
with the heat transfer area for exchanger u estimated according to:

Au =

.
Qu

UuFu∆Tlmtd,u
(33)

where
.

Qu is the rate of heat exchanged, Uu the overall heat transfer coefficient (Table 1), ∆Tlmtd,u the
logarithmic mean temperature difference, and Fu the correction factor.

The economic and environmental input modeling data are provided in Table 7. The effect of the
electricity market price (MP) on the system profitability is considered based on an international [56]
and a local subsidized MP [57]. The system components are assumed to depreciate linearly at a fixed
annualized rate during the system operating life, with no salvage value at the end of operating life [58].

Table 7. Monetary and environmental input modeling data for the poly-generation system.

Description Value

Poly-generation system
OL (years) 20, derived from [36,44,62]
OT (hours) 8000 a, derived from [47,63]

OH (% of FC) 10 [63]
WC (% of FC) 15 [63]
I/T (% of FC) 1 [63]

O/M (% of FC) 3, derived from [63]
DR (%) 7.5 [64]

Reference electricity generator
First-law efficiency (%) 50 b [65]

Fuel calorific value, LHV (kJ/kg) 47,700 c [66]
Electricity MP (USD/kWh) 0.0545 d [57]; 0.1066 e [56]
Specific EF (kgCO2-eq/kWh) 0.412 b [65]
Specific EC (USD/kgCO2) 0.0225 f [67]
Reference chiller COP 5 [47]

Reference LNG vaporizer
O/M cost (USD/kgLNG) 0.009 [68]

Seawater pumping energy expenditure (kWh/kgLNG) 0.008 [69]
a Yearly operating time at full production capacity [69]. b Current combined cycle performance [65]. c NG in the
Middle East Basin [66]. d 2019–2020 subsidized market price for local commercial sector [57]. e 2019 international
market price for commercial sector [56]. f Mid/high 2020 projected cost [67].



Energies 2020, 13, 4599 22 of 31

Table 8. Capital cost functions for poly-generation system components.

Component Cost Function Source

KC turbine (TUR) 4405
.

Wtur
0.7 [36,54,59]

KC separator (SEP) 280.3
.
m0.67 [44]

KC solution expansion valve (SEV) 114.5
.

m [60]
Heat exchangers (EVA, EVA-CON,

HTREC, LTREC, RHX) 2143A0.514 [36,61]

Pumps (LNG PUMP, SP) 1120
.

W
0.8 [36,43,59]

LNG expander (EXP) 479.34(
.

mexp,in
0.92−ηexp

) ln
(

Pexp,in
Pexp,out

)(
1 + e(0.036Texp,in−54.4)

)
[38]

Electrical generators and
auxiliaries (GEN1, GEN2) 10 × 106

( .
Wgen

160 × 103

)0.7
[55]

Compression chiller 206
.

Qchiller [47]
.

Wtur = gross turbine mechanical power output (in kW). Pexp,in and Pexp,out = LNG expander inlet and outlet pressures,

respectively. Texp,in = LNG expander inlet temperature in K. m = mass flow rate in kg/s.
.

Wgen = generator electrical
power output (in kW). Ammonia turbine (TUR), solution pump (SP), and LNG pump (PUMP) costs are based
on 2005 US dollars [59]. LNG expander and electric generator costs are based on mid-1994 and 1998 US dollars,
respectively [38,55]. Heat exchanger cost is based on 1986 US dollars [61].

The total FC investment of the multi-generation system is estimated at 0.58 million USD/kgLNG,
and its distribution is shown in Figure 9. The KC TUR and generators (GEN1, GEN2) are the main
investments at approximately 31% and 27% of the total FC, respectively. The total capital (fixed
and working) is estimated at approximately 0.67 MUSD. The poly-generation system economic
feasibility and GHG assessment results are summarized in Table 9 per kg/sLNG vaporized. The yearly
net economic benefits range from 16 kUSD/kg/sLNG to 138 kUSD/kg/sLNG at local subsidized and
international electricity market prices, respectively. The NPV, DPBP, and IIR are found to be 3.66 million
USD/kg/sLNG, 1.74 years, and 63.7% at the international electricity price, and 2.42 million USD/kg/sLNG,
2.5 years, and 45.4% at the local subsidized electricity price, respectively. The poly-generation system
would enable yearly primary energy consumption to be reduced by 352 tNG/kg/sLNG, and yearly
carbon emissions by 960 tCO2-eq/kg/sLNG. At municipality level, per MTPALNG vaporization capacity,
total yearly electricity savings of 73.9 GWh could be realized, equivalent to 11.1 kton of natural gas
and yearly GHG emissions of 30.4 kton of CO2-equivalent emissions.
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units. Chiller = electricity-driven vapor compression cycle (VCC); EVA = evaporator; EVA-CON =

evaporator-condenser; EXP = LNG expander; GEN = electric generator; HTREC = high temperature
recuperator; LTREC = low-temperature recuperator; PUMP = LNG pump; RHX = refrigeration heat
exchanger; SEP = vapor-liquid separator; SEV = solution expansion valve; SP = solution pump; TUR =

KC turbine. Values are percentage of total fixed capital investment for each unit.
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Table 9. Monetary and environmental analysis results for the poly-generation system per kg/sLNG.

Item Value

Capital cost (USD/kg/sLNG)
FC 579,569
WC 86,935
Total 666,504

Yearly OH (USD/kg/sLNG) 57,957
Yearly I/T (USD/kg/sLNG) 5796

Yearly depreciation (USD/kg/sLNG) 33,325
Yearly O/M (USD/kg/sLNG) 34,774
Yearly electricity quantities
Net generation (kWh/kgLNG) 1,204,640

Net equivalent savings for indoor refrigeration
(kWh/kgLNG) 898,384

Savings for LNG vaporizer seawater pumping
(kWh/kgLNG) 227,059

Total savings (kWh/kgLNG) 2,330,083
Yearly equivalent fuel savings (kgNG/kg/sLNG) 351,711
Yearly emissions savings (kgCO2-eq/kg/sLNG) 959,994

Yearly monetary savings
Gross electricity generation (USD/kg/sLNG) 148,580 a; 269,987 b

Emissions (USD/kg/sLNG) 21,600
O/M for indoor refrigeration (USD/kg/sLNG) 6632
O/M for LNG vaporization (USD/kg/sLNG) 279,630

Total net benefits (USD/kg/sLNG) 16,728 a; 138,135 b

NPV (USD/kg/sLNG) 2,422,317 a; 3,659,998 b

IIR (%) 45.4 a; 63.7 b

DPBP (year) 2.5 a; 1.7 b

a Subsidized and b international electricity market price (MP) (Table 7).

The impact of uncertainties in input economic parameters on the DPBP is illustrated in Figure 10
by varying each parameter by ±50% relative to its nominal value in Table 7 for the local electricity
market price, for which larger DPBPs are observed. The variation applied to the local electricity
price in Figure 10 corresponds to the difference between the local and international rates, and is
close to +50%. The −50% reduction applied to the reference chiller (i.e., VCC) COP is representative
of measured performance data for the least-efficient type of air-conditioners (i.e., split units) in the
Middle East Basin [70]. Based on the results in Figure 10, the DPBP is mainly sensitive to the fixed
capital investment and electricity price. The DPBP would exceed 5 years for a 50% rise in fixed capital
investment alone, and reach 10.8 years for the least favorable combination of ±50% deviations from the
nominal parameter values in Table 7. For the international electricity price, the longest DPBP for the
least favorable combination of parameter values would be 4.8 years.
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6. Conclusions

A Kalina cycle system 34-based poly-generation concept that integrates heat (cold), power,
and gas supplies, was proposed and evaluated from thermodynamic, economic, and carbon abatement
perspectives, to supply municipal (district) air-conditioning, electrical power, and vaporized liquefied
natural gas at reduced cost and greenhouse gas impact in comparison with existing supply systems.
The poly-generation system can be activated by low-grade renewable or surplus heat (90–170 ◦C).
Air-conditioning is produced using vapor compression powered by an LNG open Rankine cycle,
as well as using liquefied natural gas as a direct coolant.

At nominal conditions, approximately 49.5% of the cooling is produced directly using the cryogenic
cold source (i.e., liquefied natural gas). The integration of the cryogenic sink (i.e., liquefied natural
gas) with the Kalina sub-system condenser is found to approximately triple the system useful
electrical output compared with standard condenser heat sinking in high ambient temperature
conditions. Although approximately 74.5% of the system exergy destruction occurs in the cryogenic
heat exchangers (i.e., evaporator-condenser and direct refrigeration exchanger), this should be balanced
with the controlled integration complexity of the cooling, power and gas supplies, which would be
beneficial for deployment.

At nominal conditions, per million ton per annum of liquefied natural gas vaporization capacity,
approximately 16.3 MWth and 4.4 MWe of space cooling and net electrical power could be generated,
respectively, at effective 32.7% and 35.4% first-law and exergy efficiencies, respectively. Compared with
reference (standard) supply technologies, the corresponding yearly electricity savings would amount
74 GWhe per million ton per annum of liquefied natural gas regasified, which is equivalent to
primary energy savings of 11.1 kton of natural gas and a carbon abatement of 30.4 kton of carbon
dioxide-equivalent. The yearly net economic benefits range from 0.9 to 4.7 MUSD per million ton per
annum of liquefied natural gas regasified at local subsidized and international electricity market prices,
respectively, with corresponding payback periods of 1.7 and 2.5 years, respectively.

The following conclusions were drawn regarding the sensitivity of the system useful outputs and
effective efficiencies to design/operating parameters:

• The total cooling output can be augmented mainly by increasing the heat source temperature,
setting the natural gas expander pressure ratio with an optimum range, and using an efficient
natural gas expander.

• The useful power output can be augmented mainly by increasing the heat source temperature,
reducing the natural gas expander pressure ratio, and using an efficient Kalina sub-system turbine.

• The effective first-law and exergy efficiencies can be improved mainly by increasing the heat
source temperature, and using an efficient Kalina sub-system turbine and natural gas expander.
In addition, increasing the natural gas expander pressure ratio improves effective first-law efficiency,
whereas an optimum range of pressure ratios is required for optimal effective exergy efficiency.

Based on the analysis presented, the proposed poly-generation concept could contribute to
effective and economically viable utilization of low-temperature heat and excess cryogenic cold,
towards less carbon-intensive municipal air-conditioning, electricity, and fuel supplies in high ambient
temperature regions.
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Nomenclature

Abbreviations

ABS-EVA absorber-evaporator
APC absorption power-cooling
DC district cooling
EVA evaporator
EVA-CON evaporator-condenser
EXP LNG expander
FSRU floating storage and regasification unit
GEN electric generator
GHG greenhouse gas
HTREC high-temperature recuperator
HS heat source
KC Kalina cycle
LNG liquefied natural gas
LTREC low-temperature recuperator
MIX mass flow stream mixer
MTPA million ton per annum
NG natural gas
ORC organic Rankine cycle
PUMP LNG pump
RHX refrigeration heat exchanger
SEP vapor-liquid separator
SEV solution expansion valve
SP solution pump
TUR ammonia turbine
VCC vapor compression chiller

Main Notations

A surface area (m2)
CAF capital annuity factor (-)
COP coefficient of performance (-)
DPBP discounted payback period (year)
DR yearly discount rate (%)
EC specific emissions cost (USD/kgCO2)
EF specific emission factor (kgCO2-eq/kWh)
ex specific exergy (kJ/kg)

.
Ex exergy flow rate (kW)
F correction factor (-)
FC fixed capital investment (USD)
h specific enthalpy (kJ/kg)
i yearly discount rate (-)
IRR internal rate of return (%)
I/T insurance and taxes (USD)
LMTD log mean temperature difference (K)
M molar mass (kg/kmol)
MP electricity market price (USD/kWh)
.

m mass flow rate (kg/s)
n number of time periods (year)
NPV net present value (USD)
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OH overhead cost (USD)
OL operating life (years)
O/M operating and maintenance cost (USD)
OT yearly operating time (hours)
p pressure (kPa or bar)
pr pressure ratio (-)
.

Q heat transfer rate (kW)
q vapor quality (-)
R cooling-to-power ratio (-) or net cash inflow (USD)
Rc direct-to-indirect cooling ratio (-)
s specific entropy (kJ/kg·K)
SEP net specific equivalent power (kWh/tonLNG)
.
S entropy rate (kW)
t temperature (◦C or K) or time period index (-)
T̂ entropic average temperature (K)
U overall heat transfer coefficient (kW/m2

·K)
.

W electrical or mechanical power (kW)
WC working capital (USD)
y non-dimensional exergy destruction (-)
z ammonia mass fraction (-)

Subscripts

abs-eva absorber-evaporator
cf chilled fluid
ch chemical
chiller vapor compression chiller
cw cooling water
D destruction or destroyed
eff effective
el electrical
eva evaporator
eva-con evaporator-condenser
ex exergy
exp LNG expander
F fuel
gen electric generator or generation
hs heat source
i component (i.e., species) index
IN inlet
L loss
lmtd log mean temperature difference
mech mechanical
net net
OUT outlet
P product
ph physical
pump LNG pump
ref refrigeration
rev reversible
rhx refrigeration heat exchanger
sp solution pump
sys system
tur turbine
u unit
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0 reference state
I first
II second

Greek Symbols

∆ difference
εu unit efficiency (-)
η system efficiency (-)∑

summation

Appendix A

Mass and energy relations, and exergy relations for the poly-generation system units are given in Tables A1
and A2, respectively. The definitions of the fuel and products for EVA-CON, LTREC, and RHX in Table A2
consider that heat transfer in these refrigeration heat exchangers occurs below the temperature of the environment,
T0. These heat exchangers cool their hot stream by their cold stream, and exergy is transferred from the cold to the
hot stream. Consequently, the fuel and product for these units are considered to be the exergy change of the cold
and hot streams through the unit, respectively [38]. In HTREC, heat transfer occurs across the environmental
temperature, T0, and consequently an exergy efficiency for this unit may not be meaningfully defined [38].

Table A1. Mass and energy relations for the poly-generation system components [38].

Component Energy Relation Mass Relation

EVA-CON
.

Qeva−con =
.

m2(h3 − h2).
Qeva−con =

.
m17(h17 − h6)

.
m2 =

.
m3.

m6 =
.

m17

KC EVA
.

Qeva =
.

m9(h10 − h9).
Qeva =

.
m18(h18 − h19)

.
m9 =

.
m10.

m18 =
.

m19

KC HTREC
.

QHTREC =
.

m8(h9 − h8).
QHTREC =

.
m13(h13 − h14)

.
m8 =

.
m9.

m13 =
.

m14

KC LTREC
.

QLTREC =
.

m7(h8 − h7).
QLTREC =

.
m16(h16 − h17)

.
m7 =

.
m8.

m16 =
.

m17

KC MIX
.

m12h12 +
.

m15h15 =
.

m16h16

.
m12 +

.
m15 =

.
m16.

m12z12 +
.

m15z15 =
.

m16z16

KC SEP
.

m10h10 =
.

m11h11 +
.

m13h13

.
m10 =

.
m11 +

.
m13.

m10z10 =
.

m11z11 +
.

m13z13
KC SEV h14 = h15

.
m14 =

.
m15

KC SP

.
Wsp =

.
m7(h7 − h6)

ηis,sp =
(h7s−h6)
(h7−h6)

.
m6 =

.
m7

KC TUR

.
Wtur =

.
m11(h11 − h12)

ηis,tur =
(h11−h12)
(h11−h12s)

.
m11 =

.
m12

GEN1

.
WLNG,net,el =

ηgen(ηmech
.

Wexp −
.

Wpump)
N/A

GEN2
.

Wnet,el = ηgen(ηmech
.

Wtur −
.

Wsp) N/A

LNG EXP

.
Wmech,exp =

.
m3(h3 − h4)

ηis,exp =
(h3−h4)
(h3−h4s)

.
m3 =

.
m4

LNG PUMP

.
Wpump =

.
m1(h2 − h1)

ηis,pump =
(h2s−h1)
(h2−h1)

.
m1 =

.
m2

RHX

.
Qrhx =

.
m4(h4 − h5).

Qrhx =
.

mc f ,direct(h20 − h21)

.
m4 =

.
m5.

m20 =
.

m21

Chiller (VCC)

.
Qchiller =

.
mc f , indirect(h20 − h21)

.
Qchiller =

.
mcw

(
hcw,out − hcw,in

)
.

Qchiller = COPchiller·
.

WLNG,net,el

.
m20 =

.
m21
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Table A2. Exergy relations for the poly-generation system components.

Component
.

ExF
.

ExP
.

ExD
.

ExL

EVA-CON a [38,71]
.

Ex2 −
.

Ex3
.

Ex6 −
.

Ex17
.

Ex2 +
.

Ex17 −
.

Ex3 −
.

Ex6 —

KC EVA [36,38]
.

Ex18 −
.

Ex19
.

Ex10 −
.

Ex9

.
Ex9 +

.
Ex18 −

.
Ex10 −.

Ex19
—

KC HTREC b

[36,38]
— —

..
Ex8 + Ex13−

.
Ex9−

.
Ex14

—

KC LTREC a [38]
.

Ex7 −
.

Ex8
.

Ex17 −
.

Ex16
.

Ex7 +
.

Ex16
.
−Ex8 −

.
Ex17 —

KC MIX [24]
.

Ex12 +
.

Ex15
.

Ex16
.

Ex12 +
.

Ex15 −
.

Ex16 —
KC SEP [36]

.
Ex10

.
Ex11 +

.
Ex13

.
Ex10 −

.
Ex11 −

.
Ex13 —

KC SEV [22]
.

Ex14
.

Ex15
.

Ex14
.
−Ex15 —

KC SP [36,38]
.

Wsp
.

Ex7 −
.

Ex6
.

Wsp +
.

Ex6 −
.

Ex7 —
KC TUR [36,38]

.
Ex11 −

.
Ex12

.
Wtur

.
Ex11 −

.
Ex12 −

.
Wtur —

GEN1 [38]

.
Wnet,mech,exp =

(ηmech
.

Wexp −
.

Wpump)

.
WLNG,net,el

.
Wnet,mech,exp −

.
WLNG,net,el

—

GEN2 [38]

.
Wnet,mech,tur =

(ηmech
.

Wtur −
.

Wsp)

.
Wnet,el

.
Wnet,mech,tur −

.
Wnet,el —

LNG EXP [38]
.

Ex3 −
.

Ex4
.

Wexp
.

Ex3 −
.

Ex4 −
.

Wexp —
LNG PUMP [38]

.
Wpump

.
Ex2 −

.
Ex1

.
Wpump +

.
Ex1 −

.
Ex2 —

RHX a [38]
.

Ex4 −
.

Ex5
.

mc f ,direct (ex21 − ex20)

.
Ex4 +

.
mc f ,directex20 −

.
Ex5 −

.
mc f ,direct ex21

—

Chiller (VCC) [38]
.

Wnet,el,exp
.

mc f ,indirect (ex21 − ex20)

.
Wnet,el,exp −
.

mc f ,indirect(ex21 − ex20)+
.

mcw
(
excw,in − excw,out

) .
mcw

(
excw,out − excw,in

)
Note: Heat transfer occurring a below and b across the temperature of the environment, T0.
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