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Abstract 13 
 14 
Liquefied Natural Gas (LNG) releases large amounts of cold energy during the conventional regasification process. It is 15 
estimated that when the LNG is regasified to an ambient temperature of 20°C, approximately 860kJ/kg of LNG of cold 16 
energy can be recovered. Currently, most of this cold energy is wasted and several studies have investigated the opportunity 17 
to recover and re-use this wasted cold energy for power cycles; fewer studies focus on the direct reuse of this wasted cold 18 
for applications requiring cold energy as main input. In this paper, different LNG cold recovery approaches are considered 19 
and compared depending on the energy vectors (i.e. electricity, liquid CO2, cold water, liquid air/nitrogen and latent heat 20 
storage) used to support a few cold applications (air separation units, dry ice production, freezing and district cooling). 21 
Using different transportation methods, these energy vectors produced using LNG cold as part or all of their energy input 22 
is coupled to these cold applications with different temperature requirements and located 5 km away from the LNG 23 
regasification facilities. This paper aims to investigate the change in overall exergy efficiency and carbon emission 24 
throughout the whole process from energy vector generation to the cold applications when the cold applications are coupled 25 
to different alternative energy vectors, compared to the baseline case which is the conventional setups and designs. With 26 
the availability of these alternative energy vectors, conventional cold applications can be modified to reduce their 27 
dependency on electricity and try to improve on the performance. The baseline setup has an overall exergy efficiency of ≈ 28 
13% while using electricity generated by LNG assisted power cycles as energy vector yields overall exergy efficiency of ≈ 29 
13.2%. Using energy vectors charged with LNG cold such as liquid CO2/water, latent heat thermal storage and liquid 30 
nitrogen yields lower overall exergy efficiencies of ≈ 9.7%, 11.5% and 10.2% respectively, largely due to the poor 31 
temperature match and thus large amount of exergy destructions during the heat exchange process. For the carbon emission 32 
analysis, the baseline setup yields carbon emission of ≈ 22.3 kTPA. Using electricity generated with LNG assisted power 33 
cycle yields improvement on carbon emission of ≈ 18.3% while those using liquid CO2/water, latent heat thermal storage 34 
and liquid nitrogen yield improvements on carbon emission of ≈ 38.0%, ≈ 37.0% and ≈ 6.0% respectively.  35 
 36 
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 46 
Nomenclature 

Acronyms  EL Exergy loss as waste stream  
ASU Air separation unit EM Exergy contained in material stream  
BC Brayton cycle EP Physical exergy 
CC Combustion chamber ER Exergy recovered 
CO2 Carbon dioxide f	 Friction factor 
CP Compressor h	 Specific enthalpy 
DEC Direct expansion cycle H	 Convective heat transfer coefficient 
EP Expander k	 Thermal conductivity  
HPC High pressure column L	 Length of pipe 
HRSG Heat recovery steam generator ṁ	 Mass flow rate 
HTF Heat transfer fluid R Thermal resistance 
HX Heat exchanger V Velocity of working fluid 
IE Isothermal expander Ẇ Power 
JV Joule-Thompson valve   
LNG Liquefied natural gas Subscripts  
LN2 Liquid nitrogen ASU Air separation unit 
LO2 Liquid oxygen BCC Baseline combined cycle 
LPC Low pressure column CC Combustion chamber 
MSHE Multi stream heat exchanger CP Compressor 
PCM Phase change material cond Conduction 
PP Pump conv Convection 
RC Rankine cycle CW Chilled water 
SC Separation column DF Deep freezing 
  DI Dry ice production 
Greek symbols  EP Expander 
𝜂,-   Exergy efficiency HX Heat exchanger 
𝜂./  Thermal efficiency in Inlet 
𝜂0,.   Net efficiency ins Insulation 
ΔT Temperature difference JV Joule-Thompson valve 
ρ Density LAPC LNG assisted power cycle 
  LCO2 Liquid carbon dioxide 
Roman symbols  misc Miscellaneous 
A Heat transfer area NG Natural gas 
D Pipe diameter  out Outlet 
e Specific exergy PP Pump 
EC Chemical exergy TN Thermal network 
ED	 Exergy destruction TS Thermal storage 
EIN	 Inlet exergy  0 Reference condition 

47 
48 

1.  Introduction 49 
       Use of natural gas is expected to grow significantly over the next decades due to its abundance and relatively lower 50 
environmental impact compared to oil and coal. Pipelines are usually employed to distribute natural gas from the 51 
production site to the consumers. However, to transport natural gas from reserves which are situated in remote areas or to 52 
supply natural gas to locations unreachable by pipelines, Liquefied Natural Gas (LNG) has been proven to be a better 53 
option [1]. During the liquefaction process, the volume of natural gas is reduced to 1/600th the original volume, with its 54 
temperature reduced to below -160°C. LNG must be regasified before it can be distributed to end users, with about 860 55 
kJ/kg of cold energy [2] or 370 kJ/kg of cold exergy [3] released in the process. Conventional LNG regasification involves 56 
direct heat exchange between the LNG and sea water or other heat sources, meaning that the cold energy is wasted 57 
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alongside with large mechanical power required to drive the seawater pumps. With the projection of world LNG trade 58 
from about 1.53·1011 tonnes in 2012 to about 3.70·1011 tonnes in 20402 [4], the wasted cold energy released during the 59 
regasification process could be meaningfully reused and monetized by LNG plants operators.  60 
        Various processes to recover the LNG cold have been discussed and implemented in different countries as reported 61 
in Table 1. As the world’s largest importer of LNG, Japan demonstrates a large variety of LNG cold recovery technologies 62 
in use. Between 20 and 30% of LNG cold energy is utilized in Japan [5], with Osaka Gas Co. becoming the first plant in 63 
Japan to achieve 100% utilization of LNG cold energy by cascading different cold applications with different temperature 64 
requirement for cold exchange with the LNG to be regasified [6]. South Korea as the world’s second largest importer of 65 
LNG has also utilized LNG cold for air separation and cryogenic comminution [7].  66 
 67 
Table 1 68 
Processes and countries where LNG cold energy recovery has been implemented [5, 8, 9] 69 

Process Temperature range (°C) Country 
Air separation -191 to -130 China, France, Japan, South Korea 
Electricity generation -160 to 0 Japan 
Hydrocarbon liquefaction -120 to -60 Japan 
Cryogenic comminution -110 to -60 Japan, South Korea 
Liquid CO2/ dry ice -60 Japan 
Refrigeration/cold storage -30 to 0  Japan, South Korea 
Seawater desalination -10 to 10 United States 
Gas turbine inlet air cooling 0 to 10 India, Japan 

 70 
Several research studies discuss utilizing the LNG cold energy to reduce the compressor inlet temperature in Brayton 71 

Cycles (BC) or to reduce the working fluid condensation temperature in Rankine Cycles (RC)/Kalina Cycles (KC) [3]. 72 
Besides, Direct Expansion Cycle (DEC) of regasified LNG through a turbine is also used to harvest the mechanical exergy 73 
contained in LNG.  74 

 75 
Table 2 reports some of the power cycles reported in the literature which utilize LNG cold energy to improve thermal 76 

and exergy efficiency, with thermal and exergy efficiency tabulated as 𝜂./ and 𝜂,-  respectively.  77 
 78 
Table 2 79 
Summary of power cycles reported in the literature which utilize cold from LNG regasification3 80 

Tmin 
(°C) 

Tmax 
(°C) 

Type of cycle Heat source Working fluid Efficiency Ref. 

-160 80 2 Series RC+DEC with CO2 capture Flue gas CF4/propane 𝜂./ not reported 
𝜂,- = 52.00% 

[10] 

-150 30 RC+DEC Exhaust heat CH4+R1150+ 
propane mixed 

𝜂./ not reported 
𝜂,- = 38.90% 

[11] 

-145.7 800 BC Fuel Nitrogen 𝜂./ = 69.00% 
𝜂,- not reported 

[12] 

-144 1000 Series BC+RC Fuel Helium/steam 𝜂./ = 65.61% 
𝜂,- = 55.09% 

[13] 

-144 1000 BC+RC (combined cycle) with CO2 
capture 

Fuel Helium/carbon 
dioxide 

𝜂./ = 65.07% 
𝜂,- = 53.70% 

[14]  

-141.9 10 KC Seawater CF4+propane 
mixed 

𝜂./ = 23.50% 
𝜂,- not reported 

[15] 

                                                
2 LNG density is assumed as 450kg/m3 or 12.74kg/ft3 
3 The reported efficiencies for the case studies of Table 2 are not solely affected by the LNG cold energy recovery but also by some 
other energy recovery method, such as DEC, which is a method to recover the kinetic energy of the gas instead of the waste cold 
inside the LNG. 
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-139.3 800 BC Fuel Air 𝜂./ = 67.50% 
𝜂,- not reported 

[12] 

-129 1290 BC+BC+DEC Fuel Flue gas/Nitrogen 𝜂./ = 75.50% 
𝜂,- = 52.60% 

[16] 

-128 10 3 Series RC+DEC Seawater Argon/CH4/CF4 𝜂./ not reported 
𝜂,- = 85.60% 

[17] 

-122.6 10 RC+RC+DEC Seawater CH4/argon 𝜂./ = 24.10% 
𝜂,- = 42.70% 

[18] 

-120.8 600 BC Fuel Argon 𝜂./ = 58.00% 
𝜂,- not reported 

[12] 

-120 1000 BC Fuel Nitrogen 𝜂./ = 78.86% 
𝜂,- not reported 

[19] 

-120 1000 Series BC+RC Fuel Nitrogen/carbon 
dioxide 

𝜂./ = 67.90% 
𝜂,- not reported 

[19] 

-115.6 10 RC Waste steam Pentane + CHF3 + 
CF4 mixed 

𝜂./ = 23.70% 
𝜂,- = 27.00% 

[20] 

-103.4 108 RC Flue gas Pentane + CF4 + 
CHF3 mixed 

𝜂./ = 30.30% 
𝜂,- = 46.20% 

[21] 

-76.2 90 RC+RC+DEC Solar Ammonia/ethane 𝜂./ = 33.49% 
𝜂,- not reported 

[22] 

-71 10 RC+DEC Seawater Ammonia 𝜂./ = 8.10% 
𝜂,- not reported 

[23] 

-65 134 KC+DEC Waste heat Ammonia + water 
mixed 

𝜂./ = 39.33% 
𝜂,- = 50.15% 

[24] 

-60 75 RC+DEC Solar CH3F 𝜂./ = 25.25% 
𝜂,- = 12.20% 

[25] 

-55.8 900 RC Solar + Fuel Carbon dioxide 𝜂./ = 61.00% 
𝜂,- = 61.30% 

[26] 

-54.4 150 KC+DEC Waste heat Ammonia + water 
mixed 

𝜂./ = 33.28% 
𝜂,- = 48.87% 

[27] 

-53 1200 RC with CO2 capture Oxy-fuel Carbon dioxide 𝜂./ = 71.04% 
𝜂,- = 50.53% 

[28] 

-50.4 400 RC+RC+DEC Waste heat Steam/ammonia 𝜂./ = 34.20% 
𝜂,- not reported 

[29] 

-50 700 RC Fuel Carbon dioxide 𝜂./ = 59.00% 
𝜂,- not reported 

[30] 

-50 900 RC with CO2 capture Oxy-fuel Carbon dioxide 𝜂./ = 59.06% 
𝜂,- = 39.79% 

[31] 

-46.9 190 RC Waste heat Ammonia + water 
mixed 

𝜂./ not reported 
𝜂,- = 25.88% 

[32] 

-42 10 RC Seawater Propane 𝜂./ = 12.50% 
𝜂,- = 65.20% 

[33] 

-20 190 RC+DEC Waste heat Isobutane 𝜂./ = 21.00% 
𝜂,- not reported 

[34] 

-10 65 RC Solar Carbon dioxide 𝜂./ = 8.48% 
𝜂,- not reported 

[35] 

9 1300 BC+RC (combined cycle) Fuel Flue gas/steam 𝜂./ = 59.30% 
𝜂,- = 54.98% 

[36] 

 81 
        With the correct choice of working fluid for the power cycles, LNG cold can be utilized at different temperature 82 
ranges well below ambient temperature. By decreasing the condensation temperature of the working fluid between ≈ -83 
50°C and ≈ -120°C (as reported in [20-22, 25, 33] in Table 2), efficiencies between ≈ 12% and ≈ 34% can be achieved 84 
even with low to medium temperature heat sources such as seawater, solar power or industrial waste heat.  Rankine cycles 85 
with carbon dioxide as working fluid [26, 28, 30, 31] can undergo larger temperature change compared to organic working 86 
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fluids, which allows high temperature heat source such as combustion heat to be used and can achieve higher thermal 87 
efficiency between ≈ 59% and ≈ 71%.  88 
        Real gases such as nitrogen, argon, air and helium have very low triple point temperature and thus they can be used 89 
to recover LNG cold at lower temperatures than those considered for Rankine cycle (temperature range between ≈ -120°C 90 
and ≈ -145°C). Closed Brayton cycles utilizing nitrogen or argon as working fluid can achieve thermal efficiencies between 91 
≈ 58% and ≈ 69% [12, 19]. The efficiency is further increased by coupling the closed Brayton cycle with an open air 92 
Brayton cycle which is heated up to 1290°C, which achieves a thermal efficiency of ≈ 75.5% [16].  93 
        Combined cycles normally consist of a Brayton cycle coupled with a Rankine cycle. With LNG cold input, the 94 
Brayton cycle can benefit when the compressor inlet temperature is reduced, reducing the compressor work required [3] 95 
while for the Rankine cycle, the working fluid condensation temperature is reduced, thus increasing the pressure ratio 96 
across the expander [13, 19, 36]. 97 
  98 
Table 3 99 
Cold applications utilizing LNG cold and the energy vectors used 100 

Energy vector 
temperature (°C) 

Usage Energy vector used Ref. 

-160 Air liquefaction/separation Nitrogen [37] 
-150 Olefin (alkene) Separation Olefin [6] 
-115 Cryogenic comminution R22 [38] 
-60 Solid/liquid CO2 production CO2 [37-39] 
-43 Freezing and refrigeration CO2 [40, 41] 
-5 Butane liquefaction Butane [37] 
5 Gas turbine inlet air cooling Water [37] 

 101 
Direct utilization of the LNG cold for cold-to-cold applications (CTC) is generally less discussed. Table 3 reports 102 

some case studies of cold applications utilizing LNG cold.  For such applications, the LNG cold energy is recovered by 103 
using different heat transfer fluids and delivered to various cold applications. One of the well-known existing facilities for 104 
CTC applications is in Osaka Gas Co. where the cold is cascaded to serve different cold applications [6], aiming to utilize 105 
the whole range of available LNG cold from cryogenic to ambient temperature. In this particular case, the cold applications 106 
are located next to the LNG regasification terminal. This allows for the usage of hydrocarbons and hydrofluorocarbon 107 
refrigerants as cold energy vectors. However due the high global warming potential of hydrofluorocarbon refrigerants, 108 
alternative working fluids such as water, CO2 or hydrofluoroolefins should be considered, especially if the cold had to be 109 
delivered over longer distances [42].  110 
 111 
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   112 
Fig. 1. Coupling of LNG cold energy recovery approaches with different cold applications 113 

In this paper, we intend to assess the potential of recovering the LNG cold energy for CTC applications only. Four 114 
different cold applications – air separation, dry ice production, deep freezing and district cooling – have been considered 115 
within this study. Each of these applications require a different grade of cold and two Key Performance Indices, exergy 116 
efficiency and carbon emissions, have been considered throughout the study. 117 

   In this paper, the energy demand of various cold applications is assumed to fulfil the following output quantities: 118 
production of 1 kg/s of liquid nitrogen and 1 kg/s liquid oxygen from the air separation unit, 1 kg/s production of dry ice, 119 
1 MWt for deep freezing and 1 MWt for district cooling (refer to Fig. 1). It is also assumed that the amount of LNG 120 
regasified is scaled according to the demand of the cold applications, meaning that the amount of the energy which needs 121 
to be transferred by the energy vector will be scaled accordingly. The LNG regasification terminal is assumed to be located 122 
at 5 km away from the cold applications. Each of the LNG cold energy recovery approaches will be used to generate (or 123 
charge) different energy vectors:  124 

 125 
• Electricity is generated from a combined cycle power plant or an LNG assisted power cycle (combination of two 126 

Brayton cycles to utilize LNG cold) in which the LNG cold is used to cool the working fluids (i.e. air and nitrogen) 127 
entering the two compressors 128 

• Liquid CO2 and chilled water used to recover and distribute the LNG cold to the downstream cold applications in 129 
a dual-temperature thermal network  130 

• Latent heat storage (solid-to-liquid phase change materials - PCMs) is used to recover the LNG cold which is then 131 
trucked to the downstream cold applications 132 

• Liquid nitrogen and oxygen is produced by the LNG assisted air separation unit, where part of the liquid nitrogen 133 
will be used as energy vector to provide cold to the downstream cold applications. 134 

         135 
By means of different energy vectors, alternative layouts and configurations for the cold applications are proposed, 136 

assessed and compared to the conventional ones. For high-grade cold applications (i.e. air separation process) which cannot 137 
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be solely supported by specific energy vectors (i.e. liquid CO2 or PCMs) and thus requiring electricity input in the process, 138 
it is assumed that the electricity is obtained from the power cycle mentioned in the baseline combined cycle power plant, 139 
with the same transmission distance.  140 
        In this paper, the baseline case is a combined cycle power plant using natural gas as fuel. Under this scenario, the 141 
cold applications in Fig. 1 operate based on their conventional process configuration, which utilize electricity as power 142 
input and cooling water as their heat sink [43, 44]. In the baseline case, electricity is produced as an energy vector and 143 
distributed over the electricity grid. Likewise the baseline case, the LNG assisted power cycle output energy vector is 144 
electricity which is distributed using the same electricity grid; the cold applications operate according to their conventional 145 
process configuration.  146 
        For the thermal networks, the cold released during the LNG regasification process is recovered by two different 147 
working fluids: CO2 and water. CO2 vapor is liquefied by the LNG cold energy and distributed to the cold applications 148 
side, exploiting its latent heat to provide cooling. Water is returned at a warmer temperature and cooled to a lower 149 
temperature before being supplied to the cold applications; in this case, water uses its sensible heat to supply cooling to 150 
the cold applications; both CO2 and water are transported to the cold applications using insulated pipelines.  151 
        In the thermal storage, the LNG cold energy is recovered by means of different types of thermal storage materials. 152 
In particular, in this paper various types of PCMs having different phase change temperatures are evaluated. These PCMs 153 
are chosen by matching their melting temperature with the temperature requirement of the cold applications, and 154 
transported to their respective cold applications by means of trucks. 155 
        For the LNG assisted air separation unit, alongside producing the market requirement of 1 kg/s liquid nitrogen and 156 
liquid oxygen each, the air separation unit will produce extra liquid nitrogen as cold energy vector to be supplied to the 157 
cold applications by trucks. The existence of these liquid CO2, chilled water, PCMs and liquid nitrogen provides 158 
possibilities that the cold applications can be modified to reduce their dependence on electricity and thus reducing the 159 
overall CO2 emission.  160 
        This paper is structured as follows: in Section 2, the modelling approach and key performance indices are introduced. 161 
Various methods for energy vector generation with or without LNG cold input are discussed in Section 3, while 162 
transportation of these energy vectors is discussed in Section 4. In Section 5, various cold applications, assumed as a stand-163 
alone cold application for each, are introduced and analyzed based on the exergy analysis and CO2 emission of the 164 
application after each of them is coupled to different possible source of energy vectors. In the same section, the overall 165 
performance when the cold applications are assumed to be clustered together are shown. Finally the conclusions are drawn 166 
in Section 6.  167 
 168 

2. Methodology and Modelling 169 
 170 
2.1 Assumptions 171 
 172 
        In this paper, the following assumptions have been made to facilitate the study: 173 

• The composition of LNG is assumed to be 100% methane; 174 
• The composition of air is assumed to be 79% nitrogen and 21% oxygen by volume; 175 
• Heat losses and friction losses in all system connections are neglected; 176 
• All components operate under steady state condition.  177 

 178 
2.2 Energy analysis 179 
 180 
       Thermal efficiency is used as the main design criteria for most thermal cycles and is defined as the ratio of total                        181 
net work production to heat addition to the system. The thermal efficiency is calculated in accordance with:  182 
        Energy balance for compressors and pumps:  183 

�̇� = �̇�E0(ℎHI. − ℎE0) (1) 
 184 
        Energy balance for turbines or expanders: 185 
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�̇� = �̇�E0(ℎE0 − ℎHI.) (2) 
 186 
        Net power output:  187 

�̇�0,. =L�̇�MN −L�̇�ON −L�̇�NN (3) 

 188 
        Heat input to thermal cycles is calculated based on the enthalpy difference across the combustion chamber:  189 

�̇�E0 = �̇�HI.ℎHI. −L�̇�E0ℎE0 (4) 

 190 
        Thermal and net efficiency of power cycles can then be calculated with:  191 

𝜂./ =
�̇�0,.

�̇�E0
 

(5) 

𝜂0,. =
�̇�0,.

�̇�QI,R
 

(6) 

 192 
2.3 Exergy analysis 193 
 194 
        Physical exergy of a stream can be determined using the following formula:  195 

𝑒 = ℎ − ℎT − 𝑇T(𝑠 − 𝑠T) (7) 
 196 
where ℎT and 𝑠T are the fluid properties under reference conditions of 𝑇T = 15°𝐶  and 𝑝T = 1𝑎𝑡𝑚. The rate of physical 197 
exergy of a stream can be calculated as follow:  198 

�̇� = �̇�𝑒 (8) 
 199 
        The exergy efficiency can then be calculated using the following formula:  200 

𝜂,- = 1 −
∑ �̇�^ + ∑ �̇�`

∑ �̇�E0
 

(9) 

 201 
 202 

3. Generation of Energy Vectors 203 
 204 
        According to Fig. 1, there are four different types of energy vectors that have been considered by using five different 205 
generation methods.  206 
 207 
3.1 Baseline Case 208 
 209 
      A combined cycle power plant composed of an open air Brayton cycle as topping cycle and a closed steam Rankine 210 
cycle as bottoming cycle is modelled. The energy vector produced by this baseline case is electricity. The flow diagram 211 
of the combined cycle power plant is shown in Fig. 2. In the topping cycle, which is represented by state points (1)-(6), 212 
the inlet air is compressed (CP-1) before mixed with fuel and heated to 1400°C in a combustion chamber (CC-1). The flue 213 
gas leaving the combustion chamber is then passed through an expander (EP-1) before passed through the heat recovery 214 
steam generator (HRSG) where heat of the flue gas is utilized to evaporate the water of the bottoming cycle.  215 
        In the steam Rankine cycle, which is represented by state points (11)-(14), water from the condenser (HX-1) is 216 
pumped (PP-1) into the HRSG; the superheated steam is then passed through an expander (EP-2).  217 
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 218 
Fig. 2. Schematic diagram of the baseline combined cycle  219 

      The parameters used for the simulation and the results obtained are reported in Table 4. Fig. 3 shows the exergy flows 220 
and the respective exergy destruction in each of the components.  221 
 222 
Table 4 223 
Main parameters and performance for the baseline combined cycle power plant 224 

OPERATING PARAMETERS  VALUES 
Air BC pressure ratio - (CP-1) 15 
Turbine inlet temperature (°C) - (EP-1) 1400 
Pressure drop across heat exchangers (%) - (HRSG & HX-1) 1-3 
Compressor isentropic efficiency (%) - (CP-1) 85.0 
Turbine isentropic efficiency (%) - (EP-1 & EP-2) 90.0 
Steam RC pressure ratio - (PP-1) 550 
Pump isentropic efficiency (%) - (PP-1) 85.0 
Steam condensation temperature (°C) - (HX-1) 40 
CYCLE EFFICIENCY   
Thermal efficiency (%) 53.5 
Exergy efficiency (%) 50.5 

 225 
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 226 
Fig. 3. Exergy flows for the baseline combined cycle  227 

Although a dual-pressure and a triple-pressure steam generator in the steam Rankine cycle is shown to yield a thermal 228 
efficiency increase of 0.8% and 1.0% respectively [45]. In this paper, for simplicity, combined cycle with single pressure 229 
steam generator is modelled.  230 

From Fig. 3 it can be seen that the main source of exergy comes from the chemical exergy of the natural gas fuel 231 
(EC,NG). The exergy efficiency for this baseline combined cycle is 50.5%, which is the amount of electricity delivered to 232 
the grid. Waste stream exergy (EL,BCC) is 4.6%, which accounts for exergy stream leaving the cycle (i.e. stack gas and 233 
cooling water). Exergy destruction (ED,BCC) accounts for 44.9% of the total exergy input, in which the main source of 234 
exergy loss comes from the combustion chamber (ED,CC) due to chemical reaction and large temperature mismatch between 235 
the burner gases and the other components of air present. Thermal losses to the surroundings also contributed to the exergy 236 
destruction in the combustion chamber. Other source of irreversibilities includes exergy destruction in the 237 
turbomachineries (i.e. compressor, pump, heat exchangers and the expanders), which accounts for 8.8% of the total exergy 238 
input.   239 
  240 
3.2 LNG Assisted Power Cycle 241 
 242 

In this section, the combination of an open air Brayton cycle with a closed nitrogen Brayton cycle and an LNG direct 243 
expansion cycle is modelled, with electricity as the energy vector generated. As reported in Table 2, several LNG assisted 244 
power cycles have been assessed with different ranges of maximum temperature (i.e. turbine inlet temperature) and 245 
minimum temperature (i.e. compressor or pump inlet temperature), leading to different ranges of efficiencies. From Table 246 
2 it can be observed that real gas Brayton cycles, carbon dioxide Rankine cycles and combined cycles can achieve thermal 247 
efficiencies above 60%. Despite the high thermal efficiencies reported, single closed real gas Brayton cycles have a 248 
relatively lower net efficiency than open air Brayton cycles because of the difference in the heat addition method to the 249 
cycles. For closed Brayton cycles, the thermal efficiency is high especially with a heat regenerator incorporated into the 250 
design, which reduces the amount of heat input to the cycle. However, when the heat input is done by an external heat 251 
source, the heat source will have to be maintained at a higher temperature than that required by the cycle, with a large 252 
amount of unrecovered waste heat, especially when the cycle operates at a high turbine inlet temperature for a high thermal 253 
efficiency as reported. For open air Brayton cycles, where the combustion gas is used to drive the expander, fuel can be 254 
mixed with air for combustion directly, which translate to a relatively lower amount of waste heat, and thus a higher net 255 
efficiency.  256 

In this paper, the choice of an open air Brayton cycle as topping cycle is due to the high temperature that can be 257 
achieved by the combustion process. For the bottoming cycle, a closed nitrogen Brayton cycle is chosen because of its 258 
ability to be cooled to near the boiling temperature of LNG, thus effectively reducing the compression power required. An 259 
LNG direct expansion cycle is also included to harvest the kinetic energy of LNG. The flow diagram of the LNG assisted 260 
power cycle is shown in Fig. 4 .  261 
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 262 
Fig. 4. Schematic diagram of an LNG assisted power cycle 263 

        The open air Brayton cycle is indicated by state points (1)-(6). The inlet air is first pre-cooled to 5°C (HX-1) by using 264 
≈ 8.6% of LNG before being compressed to high pressure (CP-1). The compressed air is then mixed with ≈ 9.7% of natural 265 
gas from the LNG direct expansion cycle (EP-3) and heated to 1400°C in the combustion chamber (CC-1). The high 266 
temperature gas will pass through an expander (EP-1) before rejecting heat to the compressed nitrogen (HX-2).  267 
        The closed nitrogen Brayton cycle is indicated by state points (11)-(14) where the cooled nitrogen at -129°C is 268 
compressed (CP-2) and heated to ≈ 620°C utilizing the waste heat from the flue gas of the air Brayton cycle (HX-2); the 269 
heated nitrogen is then passed through an expander (EP-2) before being cooled in HX-2 by the LNG exiting the pump of 270 
direct expansion cycle.  271 
        The LNG from the storage tank is split into two streams. One branch (22)-(23) is utilized to precool the inlet air of 272 
the open air Brayton cycle, and the other branch (24)-(28) represents the LNG direct expansion cycle. In this second stream, 273 
LNG from the storage tank is first pumped to high pressure (PP-1) before heated to about 250°C (HX-3) using the turbine 274 
exhaust (EP-2) of nitrogen Brayton cycle. The heated natural gas is then passed through an expander (EP-3) to generate 275 
electric energy; part of the natural gas (27) is sent to the open air Brayton cycle, while the rest (28) together with stream 276 
(23) will be supplied to the rest of the natural gas consumers.  277 
 278 
Table 5 279 
Main parameters and performance for the LNG assisted power cycle 280 

OPERATING PARAMETERS  VALUES 
Air BC pressure ratio - (CP-1) 21 
Air turbine inlet temperature (°C) - (EP-1) 1400 
Pressure drop across heat exchangers (%)- (HX-1, HX-2 & HX-3) 1-3 
Compressor isentropic efficiency (%) - (CP-1 & CP-2) 85.0 
Turbine isentropic efficiency (%) - (EP-1, EP-2 & EP-3) 90.0 
Nitrogen BC pressure ratio - (CP-2) 8.7 
Pump isentropic efficiency (%) - (PP-1) 85.0 
LNG mass flow rate (kg/s) 2.37 
CYCLE EFFICIENCY  
Thermal efficiency (%) 66.5 
Exergy efficiency (%) 51.1 
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        The operating parameters used for the LNG assisted power cycle and its performance are shown in Table 5. Fig. 5 281 
shows the exergy flows and the respective exergy destruction in each of the components.  282 
 283 

 284 
Fig. 5. Exergy flows for the LNG assisted power cycle  285 

        For the LNG assisted power cycle, the physical exergy (i.e. cold and mechanical exergy) of LNG (EP,LNG) makes a 286 
significant contribution to the exergy input (≈ 18.6%) alongside the chemical exergy of the consumed natural gas (EC,NG) 287 
compared to the baseline combined cycle. The exergy efficiency of the LNG assisted power plant is 51.1%, which is 288 
represented by the amount of electricity produced and delivered to the grid. The waste streams (EL,LAPC), which mainly 289 
consist of the flue gas and regasified LNG, contains exergy amounts to 2.3% of the total exergy input. The exergy destroyed 290 
in this LNG assisted power cycle is 46.6%. Similar to the baseline combined cycle, the main exergy destruction occurs in 291 
the combustion chamber, mainly due to the chemical reactions and temperature mismatch inside the combustion chamber. 292 
Compared to the baseline combined cycle, the exergy destruction inside the heat exchangers is more significant due to the 293 
presence of HX-1, where LNG is used to precool the inlet air with more significant temperature mismatch.  294 
 295 
3.3 Thermal Networks 296 
 297 
        In this section, working fluids are considered as cold energy vectors to recover and distribute the LNG cold. In the 298 
literature, as shown in Table 3, various hydrofluorocarbon or hydrocarbons have been used as working fluids. However, 299 
the interest towards natural working fluids and hydrofluoroolefins as alternative working fluids, especially for long 300 
distance downstream cold applications, has recently increased because of the concerns about the global warming potential 301 
of the hydrofluorocarbons and safety issues of the hydrocarbons. In [46], three working fluids are considered: water, 302 
carbon dioxide and hydrofluoroolefins R1234yf; water is used to provide heating/cooling using its sensible heat, while 303 
CO2 and R1234yf provide heating/cooling using their latent heat. However, R1234yf is not considered in this paper 304 
because of its high cost [46].  305 
       In this paper, a dual-temperature thermal network is considered with liquid CO2 and chilled water serving as the 306 
energy vectors for high-grade and low-grade cold. The liquid CO2 will be pumped to the downstream cold applications 307 
and it will return in vapor state after the cold energy transfer. In a similar way, the chilled water will be pumped to the 308 
downstream cold applications and it will return as warm water. The central plant of the thermal network, where heat 309 
exchange between LNG and the working fluids takes place, is shown in Fig. 6. In this setup, the cold applications can 310 
choose the appropriate energy vector that suits them the most. For example, deep freezing and district cooling applications 311 
will only require cold from the liquid CO2, whereas an air separation unit and dry ice generation require cold from both 312 
chilled water and liquid CO2. These two classes are illustrated as cold applications X and Y in Fig. 6. 313 
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 314 
Fig. 6. Schematic diagram of the thermal network 315 

        The distribution parameters and required amounts of carbon dioxide and water is tabulated in Table 6 while Fig. 7 316 
shows the exergy flows and exergy destruction in the thermal network central plant.  317 
 318 
Table 6 319 
Main parameters and performance for the thermal network 320 

OPERATING PARAMETERS CO2 Water 
Required mass flow rate (kg/s) 13.0 15.0 

Supply temperature (°C) -50 (liquid) 5 
Return temperature (°C) -50 (vapor) 50 

LNG flow rate (kg/s) 7.7 
CYCLE EFFICIENCY  
Exergy efficiency (%) 29.2 

 321 

 322 
Fig. 7. Exergy flows for the thermal network central plant 323 

        In this paper, the pressure of the CO2 network is set at ≈ 6.8 bar, which corresponds to the boiling temperature of the 324 
CO2 at -50°C. This condition has been chosen as an optimum operating point, considering the triple point of CO2 and the 325 
trade-off if we set higher operating temperature. In fact, when carbon dioxide is flowing at a higher temperature, there will 326 
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be a lower thermal loss due to smaller temperature difference with the surroundings. On the contrary, a higher operating 327 
temperature corresponds with a lower latent heat, thus resulting in higher mass flow rate of CO2 required to satisfy the 328 
cooling demand. In addition to this, a higher operating temperature also causes a lower efficiency at the cold applications’ 329 
side, causing the overall exergy efficiency to decrease.   330 
        The exergy flow inside the thermal network is shown in Fig. 7. It is found that LNG physical exergy (EP,LNG) is the 331 
main exergy source, accounting for 83.3% of the total exergy input. The physical exergy of material streams (i.e. the 332 
returned vapor CO2 and warm water) accounts for 16.7% of the total exergy input to the thermal network central plant. 333 
The exergy efficiency of the thermal network central plant is 29.2%, which also represents the exergy recovered in the 334 
charged energy vectors leaving the thermal network central plant (i.e. liquid CO2 and chilled water). Waste streams, which 335 
include the regasified LNG, accounts for 0.6% of the total exergy input. The main exergy destruction (70.2%) comes from 336 
the heat exchangers, which are the only components inside the thermal network central plant. Here, large temperature 337 
mismatch occurs during heat exchange between LNG and the energy vectors, leaving high-grade cold exergy of LNG to 338 
be unutilized.   339 
 340 
3.4 Thermal Storages 341 
 342 
        Thermal storage is advantageous over other energy vectors such as electricity, CO2/chilled water due to the large 343 
availability of materials for different operating temperatures. This allows for a closer match of the temperature profiles 344 
during heat exchange between the thermal storage materials and the different downstream cold applications; in this way it 345 
is possible to reduce exergy destruction.  346 
        Thermal energy storage can be categorized into two main types: sensible and latent heat storage. Sensible heat is less 347 
advantageous compared to latent heat storage when it comes to storage capacity [47]; this means that for a given amount 348 
of thermal energy available, more space will be required for sensible heat storage than latent heat storage. Besides, for 349 
storage materials that involve solid state and must be transported by truck, a smaller storage capacity simply means that 350 
more truck hours are needed to distribute the cold.  351 
        In this paper, latent heat storage is used to store the LNG cold energy. Suitable PCMs are chosen from the work of 352 
Oro et al. [48]. As shown in Fig. 8, the LNG cold energy is recovered by four different PCMs which match better with the 353 
downstream cold applications. The thermo-physical properties of each PCM used are reported in Table 7. The first PCM 354 
chosen is a eutectic water salt solution, which is a composition of 24.8 wt.% HCl solution, with a phase change temperature 355 
of -86°C, which is the lowest phase change temperature reported in the literature [46].  356 
        The second PCM chosen is another eutectic water salt solution, which is a 24 wt.% LiCl solution with a phase change 357 
temperature of -67°C [48]. The last two PCMs chosen are two commercial PCM products dedicated for cold storage: SN33, 358 
which undergoes phase change at -33°C, and AN03, which undergoes phase change at -3°C [48, 49]. Both PCMs are made 359 
of a salt solution encapsulated with spherical molded capsules using blend of a few polyolefins.  360 
        Fig. 9 details the exergy flows and destruction inside the thermal storage central plant, where heat exchange between 361 
LNG and the PCMs occurs. The LNG will be delivered through a set of heat exchangers, exchanging heat with the four 362 
PCMs chosen for the cold storage process. Then the charged PCM will be delivered to the respective cold applications by 363 
truck. Upon unloading of the insulation tank containing the charged PCM to the cold applications, the truck will pick up 364 
the tank containing the utilized PCM.  365 
 366 
 367 
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 368 
Fig. 8. Schematic diagram of the thermal storage system 369 

Table 7 370 
Main parameters and results for the LNG assisted thermal storage system  371 

OPERATING PARAMETERS PCM-A PCM-B PCM-C PCM-D 
Name / Composition 24.8 wt% HCl 24.0 wt% LiCl SN33 AN03 

Phase Change Temperature (°C) -86 -67 -33 -3 
Latent Heat (kJ/kg) 810 364 245 328 

PERFORMANCE PARAMETERS 
Mass Rate (kg/s) 1.7 2.2 12.1 3.1 

LNG Flow Rate (kg/s) 7.4 
Exergy Efficiency (%) 24.0 

 372 

 373 
Fig. 9. Exergy flows for the thermal storage central plant 374 
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        Similar to the thermal network, as shown in Fig. 9, most of the exergy input (98.5%) comes from the physical exergy 375 
of the LNG (EP,LNG), to be regasified by releasing cold to the PCMs. The inlet material stream consists of exergy of the 376 
PCMs to be charged. Similar to the thermal network, due to the unutilized high-grade cold exergy contained in the LNG 377 
due to the limitation of the operating temperature of the PCMs, 75.3% of the exergy input is destroyed in the various heat 378 
exchangers. The waste stream (EL,TS) leaving the thermal storage central plant is the regasified LNG delivered to the 379 
consumers. The rest of the exergy (24%) is recovered by the PCMs. The pressure loss in heat exchangers is too small to 380 
be shown in the exergy flow diagram (< 0.05%). 381 

3.5 LNG Assisted Air Separation 382 
 383 
        Liquid air as energy vector is a relatively novel methodology for cogeneration applications. Air is liquefied at -196⁰C 384 
at ambient pressure. By using liquid air, it is possible to generate both mechanical and cooling power at the same time. 385 
The former can be generated by means of isothermal expanders such as reciprocating engines [50] and/or turbines; the 386 
latter is generated by recovering the cold energy coming from the regasification of the liquid air (in a similar way as for 387 
the LNG) and/or at the exit of the expanders. Liquid air and liquid nitrogen hold very similar thermo-physical properties 388 
and often liquid nitrogen is preferred to liquid air as energy vector since it is a byproduct of cryogenic air separation plants.  389 
        With the cold input from LNG, it is possible to avoid using the conventional setting of Linde’s double separation 390 
column to produce liquid air products. In some conventional double column setups, the inlet air is compressed to a high 391 
pressure of ≈ 12 MPa [43]. There have been multiple papers discussing air separation operations with cold input from 392 
LNG. Innovative layouts have been considered such as single-column [51, 52] and double column processes [53, 54] 393 
aimed at reducing the level of compression required below that of the typical air separation plants.  394 
        In this paper, a modified version of a double column process will be used to generate the required amount of liquid 395 
air products needed (refer to Fig. 10). The inlet air (1) is first compressed (CP-1) to slightly above the pressure of the high-396 
pressure column (HPC) at ≈ 6 bar. The compressed air (2) is then precooled (HX-1) using cooling water (27-28) before 397 
passed through a multi stream heat exchanger (MSHE) where the air is cooled by streams of unwanted air products and 398 
cold released from LNG regasification. The cooled feed air (4) is then delivered to the HPC and separated into a gaseous 399 
high-purity nitrogen stream (7) and an oxygen-enriched stream (5) which is delivered to the low-pressure column (LPC) 400 
(6). The gaseous nitrogen stream (7) is then compressed (CP-2) to ≈ 3 MPa (8), before being cooled to its liquid state (9) 401 
by the LNG cold energy (23-24) in HX-2. It should be noted that for usage of liquid nitrogen as an energy vector, a high 402 
pressure liquid nitrogen corresponds to a lower amount of latent heat. Thus, in this setup, the required amount of liquid 403 
nitrogen (LN2) is extracted (10) and pressure-relieved (11) before being separated into the liquid (12) and vapor nitrogen 404 
product (13). The amount of liquid nitrogen produced will depend on the downstream cold applications. The vapor nitrogen 405 
generated is sent to the MSHE for feed air cooling purpose. The rest of the high-pressure liquid nitrogen (15) is pressure-406 
relieved and delivered to the low-pressure column (LPC) (16). From the LPC, pure liquid oxygen (17) and waste nitrogen 407 
(21) will be produced. As mentioned in Section 1, 1 kg/s of liquid oxygen required will be extracted (18) while the rest 408 
(19), together with the waste nitrogen stream (21) will be delivered to the MSHE for feed air cooling. Feed air cooling 409 
will also be carried out by the LNG regasification process (25-26).  410 
 411 
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 412 
Fig. 10. Schematic diagram of an LNG assisted air separation unit 413 

        The parameters and the results of the abovementioned LNG assisted air separation unit is tabulated in Table 8. Fig. 414 
11 details the exergy flows and exergy destruction in the LNG assisted air separation unit.  415 
 416 
Table 8 417 
Main parameters and performance for the LNG assisted air separation unit 418 

MAIN PARAMETERS Value 
Pressure of HPC (bar) 5.5 
Pressure of LPC (bar) 1.0 
Compressor outlet pressure of CP-2 (bar) 30.0 
Mass rate of liquid nitrogen produced (kg/s) (12) 5.5 
Mass rate of liquid oxygen produced (kg/s) (18) 1.0 
LNG flow rate (kg/s) 5.3 
PERFORMANCE PARAMETERS  
Exergy efficiency (%) 33.1 

 419 

 420 
Fig. 11. Exergy flows for the LNG assisted air separation unit 421 

        For the LNG assisted air separation unit, the electricity assumed to be supplied from the baseline combined cycle 422 
power plant (EE,ASU) is the main source of exergy input to drive the two compressors (i.e. inlet air compressor and nitrogen 423 
compressor), accounting for 51.4% of the total exergy input. LNG physical exergy (EP,LNG) is the second largest exergy 424 
source at 47.8%, in which its thermal exergy is used for inlet air cooling in the MSHE and nitrogen liquefaction in HX-2. 425 
Material exergy (i.e. cooling water and inlet air) accounts for the rest of exergy input at 0.8%. The exergy efficiency of 426 
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the plant is evaluated as 33.1%, which represents the exergy recovered by the liquid nitrogen and liquid oxygen products. 427 
Waste stream exergy (EL), which includes the exergy of cooling water, regasified LNG and side products of the air 428 
separation unit (i.e. gaseous nitrogen and gaseous oxygen), accounts for 14.1% of the total exergy input. The total exergy 429 
destruction (ED) of the process is 52.8%, where a substantial amount of 31.4% occurs in heat exchangers (i.e. MSHE, HX-430 
1 and HX-2) where temperature mismatch is the main cause of exergy destruction. Exergy destruction in the separation 431 
columns amounts to 11.4%, mainly due to exergy destruction in the distillation column where there is heat exchange in 432 
trays, the reflux sections and the distill sections; exergy destruction in other components is 10.0%.  433 
 434 

 435 
4. Distribution of Energy Vectors 436 
 437 
4.1 Electricity Grid 438 
 439 
        Distribution and transmission losses of electricity via electricity grid is obtained from averaged values over ten years 440 
from 2006 - 2015 [55]. The averaged transmission losses via electricity grid is about 5.5%, which directly indicates that 441 
the exergy efficiency for the electricity grid is 94.5%.  442 
 443 
4.2 Pipeline for CO2/chilled water  444 
 445 
        In this paper, insulated pipes are used to distribute liquid CO2 at -50°C and water at 5°C over a distance of 5 km. The 446 
pipes are insulated using fiber glass with thermal conductivity of about 0.04 W/mK [56]. The formulas for calculation of 447 
the friction loss and thermal loss are shown in Appendix A.1. Table 9 shows the main parameters and the performance of 448 
the liquid CO2 and chilled water pipelines, respectively.  449 
 450 
Table 9 451 
Main parameters and results for the pipeline distribution of liquid CO2 and water 452 

 Liquid CO2 pipe Water pipe 
MAIN PARAMETERS   
Velocity of working fluid (m/s) 0.8 1 
Inner diameter of pipe (m) 0.134 0.138 
Insulation thickness (m) 0.08 0.04 
Temperature difference (K) 80 25 
PERFORMANCE PARAMETERS   
Pressure loss per length (Pa/m) 52.4 68.7 
Friction loss for 5 km pipe (kW) 2.9 5.2 
Thermal loss for 5 km pipe (kW) 115.1 61.9 

 453 
4.3 Trucks for PCMs/liquid nitrogen 454 
 455 
        As shown in Fig. 8, trucks are being used to distribute the PCMs from the LNG regasification site to the cold 456 
applications. Trucks are needed as it is not possible to pump PCMs as they exist in solid and liquid phase.  457 
        For the liquid nitrogen energy vector, trucks are used as distribution method because pumping the liquid nitrogen 458 
over long distances would likely require an insulation container to prevent high thermal losses and boil-off due to the high 459 
temperature difference between the liquid nitrogen and the outer environment. In this case, a semi-trailer truck weighing 460 
40 tons with 20 tons payload is selected as the energy vector carrier. The road transport loss information is obtained from 461 
US Environmental Protection Agency [57] and is reported in Table 10.  462 
 463 
 464 
 465 
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Table 10 466 
Road transport requirement for a 5 km transportation distance and CO2 emission [57] 467 

MAIN PARAMETERS Value 
Distance travelled (km) 5.0 
Total weight (tonnes) 40.0 
PERFORMANCE PARAMETERS  
Diesel consumed (litre) 7.0 
CO2 emission (kg) 18.3 

 468 
        Specially designed containers are used to accommodate the PCMs and the liquid nitrogen. Liquid nitrogen container 469 
details are obtained from Linde Engineering [58], while the PCMs in this paper will be transported using tanks with similar 470 
parameters.  471 
 472 
Table 11 473 
Liquid nitrogen and PCM cryogenic containers information 474 

MAIN PARAMETERS Value 
Payload Weight (tonnes) 20.0 
Boil off rate (% per day) 0.3 

 475 
5. Cold Applications 476 
 477 
In this section, the setups of different cold applications with different energy vectors inputs are discussed. The performance 478 
of each cold application coupled with its respective energy vector and energy vector generation and distribution is analyzed 479 
and discussed. In Sections 5.1 to 5.4, each cold application is assumed to be a stand-alone application and is not part of 480 
the same industrial cluster. In Section 5.5, the overall performance of all the cold applications, assumed as parts of a cluster 481 
receiving input from different energy vectors, is reported.  482 
 483 
5.1 Liquid Air Products Generation 484 
 485 

For conventional liquid air products such as liquid nitrogen and liquid oxygen obtained by using electricity as the main 486 
exergy input, a modified Linde’s double-column system named Heylandt’s system is generally used [43].  487 
        As shown in Fig. 12a, the inlet air is compressed (CP-1, CP-2, CP-3, CP-4) to ≈ 12 MPa with intercooling using 488 
cooling water (HX-1, HX-2, HX-3) (1-9) and aftercooled by cooling water (HX-4) and an R134a heat pump (HX-5) (10). 489 
Streams (3) to (5) and (5) to (7) are exact replicates of (1) to (3) and represent the second-stage and third stage compression 490 
and intercooling section; hence are not shown. The compressed air is then split into two streams: (11) is passed through 491 
an expander (EP-1) and delivered to the high-pressure column (HPC) (12); (13) is cooled with a multi stream heat 492 
exchanger (MSHE) to (14) using the waste nitrogen stream (29) and unwanted oxygen stream (26) before being pressure-493 
relieved (15). From the HPC, an oxygen-enriched stream is produced (16) and pressure-relieved (17). Stream (15) then 494 
mixes with (17) and is delivered to the low-pressure column (LPC) (18). Another stream produced by the HPC is the high 495 
purity liquid nitrogen stream (19), in which the amount required by the market is extracted (20) and the rest (21) is further 496 
cooled down (22) in HX-6 using the waste nitrogen stream (28) before being pressure-relieved and delivered to the LPC 497 
as reflux stream (23). From the LPC, high purity liquid oxygen stream is produced (24), in which the 1 kg/s market need 498 
is extracted (25) while the rest (26) is sent to the MSHE for feed air cooling. The LPC also produces a purge gaseous 499 
nitrogen stream (28) which is used to cool (21) before being delivered to the MSHE (29).  500 
        Fig. 12b shows the setup of an air separation unit with electricity input (assumed to be obtained from the baseline 501 
combined cycle) assisted by cold energy vectors from the thermal network or the thermal storage. The setup is similar to 502 
the air separation unit utilizing electricity as the main source of exergy input, with main changes in the four-stage 503 
compression and intercooling section. The energy vectors mentioned here can be chilled water/liquid CO2 if cold is 504 
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obtained from the thermal network or PCMs of SN-33 together with 24.8 wt% HCl if cold is obtained from the thermal 505 
storage.  506 
        The inlet air (1) is compressed (2) and intercooled using chilled water in HX-1 and liquid CO2 in HX-2 (SN-33 and 507 
HCl solution respectively if energy vectors are obtained from thermal storage). Streams (4) to (7) are exact replicates of 508 
(1) to (4) and represent the second-stage compression and intercooling section; hence that is not shown. After the third 509 
stage of compression (8), the intercooling is carried out using chilled water (or SN-33) in HX-5 and unwanted product 510 
streams from the air separation in MSHE-1 to (10), to reduce exergy loss and improve the efficiency of the air separation 511 
unit. Upon the last stage of compression (11), aftercooling (11)-(13) is carried out using chilled water and liquid CO2 (SN-512 
33 and HCl solution) again. The compressed air (13) is then split into two streams, (14) is passed through an expander 513 
(EP-1) and delivered to the high-pressure column (HPC) (15); (16) is cooled inside MSHE-2 using waste nitrogen stream 514 
(33) and unwanted oxygen stream (29) before being pressure-relieved to (18). From the HPC, oxygen-enriched stream (19) 515 
is produced and pressure-relieved (20) before mixed with (18) and delivered to a low-pressure column (LPC) (21). High 516 
purity liquid nitrogen stream (22) is produced from the top of the HPC, in which the required 1 kg/s amount required by 517 
the market is extracted (23) and the rest (24) is cooled using waste nitrogen stream (32) generated from the LPC in HX-8 518 
to (25) before being pressure-relieved and delivered to the LPC as reflux (26). From the LPC, high purity liquid oxygen 519 
stream is produced (27), where 1 kg/s of market need is extracted (28) while the rest is sent to MSHE-2 for feed air cooling 520 
purpose (29). Gaseous purge nitrogen stream (32) is generated at the top of the LPC, and is used to cool stream (24) before 521 
delivered to MSHE-2 (33). The cooling streams exiting MSHE-2, (30) and (34), which are still at a sub-ambient 522 
temperature due to temperature limitation of stream (16), are delivered to MSHE-1 for intercooling purpose.  523 

 524 

 525 
(a) 526 
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  527 

 528 
(b) 529 

Fig. 12. Schematic diagram of an air separation unit using energy input of (a) electricity only (b) electricity assisted by 530 
liquid CO2/chilled water/PCM 531 

        The results are tabulated in Table 12, which reports the comparison of the performance of the air separation unit using 532 
different energy vectors as their main energy input source, and in  533 
Fig. 13 which details the exergy flows inside each of the air separation processes.  534 
 535 
Table 12 536 
Exergy amounts and performance of air separation units utilizing different energy vectors to produce 1 kg/s liquid 537 
nitrogen and 1 kg/s liquid oxygen 538 

Energy Vector Electricity Liquid CO2/water PCM 
SOURCE OF EXERGY INPUT (MW) 

Electricity Exergy, EE 4.64 3.62 3.59 
Exergy of Cold Vectors, 

ECW/ELCO2/EPCM 0.00 0.89 1.12 

PERFORMANCE PARAMETER 
Exergy Efficiency (%) 25.61 26.86 25.69 

 539 

 540 
(a) 541 
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 542 
(b) 543 

 544 
(c) 545 

Fig. 13. Exergy flows for air separation process using (a) electricity input (b) electricity assisted by cold from liquid 546 
CO2/chilled water (c) electricity assisted by cold from PCM 547 

 548 
Fig. 13a shows that to produce 1 kg/s of liquid nitrogen and liquid oxygen each by using an air separation unit with 549 

mainly electricity input, the major exergy input source comes from the electricity which corresponds with 97.9% of the 550 
total exergy input (≈ 4.6 MW) to the air separation unit. Exergy of the waste stream leaving the air separation process is 551 
23.6%, which mainly consists of the heated cooling water for the intercooling of the compressed air and by-products of 552 
the air separation process. The total amount of exergy destruction in the air separation unit is 50.8%, which is mainly 553 
attributed to the heat exchangers, compressors and the distillation columns. The exergy recovered for the air separation 554 
process, which are exergy contained in the liquid air products, is 25.6% of the total exergy input.  555 
        556 

Fig. 13b shows the exergy flows inside the air separation unit using cold from liquid CO2/chilled water as part of the 557 
exergy input. Electricity is still needed to drive the compressor work, it can be seen from Table 12 that the dependency on 558 
electricity has been significantly reduced to 3.6 MW, which is equivalent to 80.0% of the total exergy input to the air 559 
separation unit. The significantly reduced electricity input is due to the more efficient intercooling process when using 560 
liquid CO2/chilled water at a far lower temperature than cooling water, thus allowing the compression work to be reduced. 561 
Around 19.7% (or ≈ 0.9 MW) of the total exergy input now comes from the physical exergy contained in the liquid 562 
CO2/chilled water. Exergy of the waste stream is 26.8%, which consists of the heated energy vectors and the unused by-563 
products leaving the air separation process. The total amount of exergy destruction is 46.3%, and is mainly contributed by 564 
the heat exchangers, compressors and the distillation column; the exergy recovered by the liquid air products is 26.9%.  565 
         566 

Fig. 13c shows the exergy flows inside the air separation unit using cold from PCMs as part of the exergy input. 567 
Around 75.8% (≈ 3.6 MW) of the total exergy input comes from electricity which is used to drive the compressors, while 568 
23.8% (≈ 1.1 MW) of the total exergy input comes from the physical exergy of PCMs which provide cold for intercooling. 569 
The amount exergy lost via waste streams, which mainly consist of unused by-products of air separation process, is 13.5% 570 
of the total exergy input. The amount of exergy destruction is ≈ 60.8%, and is mainly contributed by the heat exchangers, 571 
the separation column and the compressors. The amount of exergy recovered by the liquid nitrogen and liquid oxygen is 572 
25.7%.  573 



23 
 

 574 
        The results shown in Table 12 and  575 
Fig. 13 are the amount of exergy flows inside the air separation unit, in which the input exergy is mainly electricity. In 576 
order to understand the performance of the overall process such as the carbon emission reduction of the air separation 577 
setup assisted by the cold energy vectors, the amount of electricity consumed needs to be converted to the amount of 578 
primary fuel consumed in the baseline combined cycle/LNG assisted power cycle. Similarly, the amount of carbon 579 
emission during distribution of PCM by truck also needs to be considered. In Table 13 the amount of primary fuel 580 
consumed and the amount of LNG cold energy consumed are reported. The exergy efficiency and the carbon emission of 581 
the overall process going from the generation (or charging) of the energy vectors all the way down to their consumption 582 
in the cold applications, are also reported; the exergy flows of this process is shown in Fig. 14. 583 
  584 
Table 13 585 
Overall exergy input and overall performance of air separation units coupled to different energy vectors 586 

 Baseline LNG Thermal 
Cycle 

Thermal 
Network Thermal Storage 

SOURCE OF EXERGY INPUT (MW) 
NG Chemical Exergy, EC,NG  9.59 7.83 7.07 7.00 
LNG Physical Exergy, EP,LNG  0.00 1.79 3.59 4.41 

Diesel Fuel Exergy, Efuel 0.00 0.00 0.00 0.12 
PERFORMACE PARAMETERS 

Overall Exergy Efficiency (%) 12.4 12.5 10.3 10.1 
Overall Carbon Emission (kTPA) 16.64 13.59 12.26 12.41 

 587 
        588 

 589 
(a) 590 

 591 
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 592 
(b) 593 

 594 
(c) 595 
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 596 
(d) 597 

Fig. 14. Overall exergy flows for air separation process downstream of (a) baseline combined cycle (b) LNG assisted 598 
power cycle (c) thermal network (d) thermal storage 599 

        Fig. 14a shows the overall exergy flows for an air separation unit coupled to the baseline combined cycle for the 600 
stated amount of liquid air products. Around 97.5% (or ≈ 9.6 MW) of the entire exergy input to the whole system (i.e. 601 
combined cycle for electricity generation and air separation unit where liquid air products are generated), comes from the 602 
chemical exergy contained in the natural gas fuel, while 1.5% of the total exergy input comes from the physical exergy of 603 
materials input (i.e. inlet air and cooling water) into the combined cycle, and the rest comes from the physical exergy of 604 
materials input to the air separation unit. As discussed in Section 0, the exergy efficiency of the baseline combined cycle 605 
is 50.5%, generating electricity amounts to 50.0% of the total exergy input which is subsequently delivered to the grid. 606 
Exergy of the waste stream in the combined cycle accounts for 4.5% of the total exergy input, while the total exergy 607 
destruction in the combined cycle accounts for 44.5% of the total exergy input, with the main source of exergy destruction 608 
from the combustion chamber, which accounts for 35.8% of the total exergy input. Exergy destruction due to transmission 609 
and distribution losses accounts for 2.7% of the total exergy input to the system. Thus, the electricity exergy that reaches 610 
the air separation unit is 47.3% of the total exergy input. Inside the air separation unit, the exergy destruction accounts for 611 
24.5% of the total exergy input, with the main sources of exergy destruction (11.3% of total exergy input) in the heat 612 
exchangers and the MSHE. The waste streams leaving the air separation unit account for 11.4% of the total exergy input, 613 
while the liquid air products (i.e. liquid nitrogen and liquid oxygen) account for 12.4% of the total exergy input.  614 
 615 
        For an air separation unit coupled to the LNG assisted power cycle for generation of the stated amount of liquid air 616 
products, as shown in Fig. 14b, 18.4% (or ≈ 1.8 MW) of the total exergy comes from the physical exergy of LNG to be 617 
regasified in the LNG assisted power cycle. Exergy contained in other material streams (i.e. inlet air) is too small to be 618 
shown in the exergy diagram. Around 80.6% (or ≈ 7.8 MW) of the total exergy input to the system comes from the 619 
chemical exergy of the natural gas consumed by the power cycle. The exergy efficiency of the LNG assisted power cycle 620 
is 51.1%, with the main source of exergy destruction in the combustion chamber, which accounts for 30.0% of the total 621 
exergy input. Due to existence of larger temperature mismatch, the amount of exergy destruction in the heat exchangers 622 
is significantly higher compared to the air separation unit coupled to the baseline combined cycle, and is around 8.9%. 623 
Exergy destruction for the rest of the components in the LNG assisted power cycle accounts for 2.9% of the total exergy 624 
input. Thus, the total exergy destruction amounts to 46.1% of the total exergy input while the exergy of the waste streams 625 
leaving the LNG assisted power cycle accounts for 2.3% of the total exergy input. Theexergy distribution and 626 
destruction/losses in the air separation unit are very similar to the air separation unit discussed earlier.  627 
 628 
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        For an air separation unit coupled to the thermal network, alongside the cold energy obtained from the thermal 629 
network, electricity from the baseline combined cycle is required as energy input to drive the compressors. As shown in 630 
Fig. 14c, 63.4% (or ≈ 7.1 MW) of the total exergy input is obtained from the chemical exergy of the natural gas consumed 631 
in the baseline combined cycle to generate electricity, and exergy of the material streams input to the baseline combined 632 
cycle accounts for 1.0% of the total exergy input. The baseline combined cycle produces electricity which is distributed 633 
by the grid along the same assumed distance of 5 km before reaching the air separation unit, and the detailed exergy flows 634 
and destruction inside the baseline combined cycle are similar to that explained in Section 3.1. The amount of electricity 635 
entering the air separation unit accounts for 30.7% of the total exergy input. Around 30.5% (or ≈ 3.6 MW) of the total 636 
exergy input comes from the physical exergy of LNG regasified in the thermal network central plant. The rest of the exergy 637 
input comes from the material streams input to the thermal network (i.e. vapor CO2 and warm water). Inside the thermal 638 
network central plant, due to the large temperature mismatch and thus wastage of high-grade exergy contained in the LNG, 639 
the amount of exergy destruction in the heat exchangers is high and accounts for 24.6% of the total exergy input. Exergy 640 
of the waste stream leaving the thermal network is ≈ 3.2% of the total exergy input, and is mainly contributed by the 641 
physical exergy contained in the regasified LNG. The exergy contained in the liquid CO2 and chilled water leaving the 642 
thermal network central plant and entering the pipeline accounts for 7.8% of the total exergy input. During the pipeline 643 
distribution, the exergy destruction due to thermal and friction losses accounts for 0.1% of the total exergy input each. The 644 
exergy of the liquid CO2 and chilled water entering the air separation unit accounts for 7.7% of the total exergy input. 645 
Inside the air separation unit, the total exergy destruction is 17.8%, where the main source of exergy destruction is in the 646 
heat exchangers and the MSHEs. Exergy of the waste streams leaving the air separation unit is 10.3% of the total exergy 647 
input, in which 5.1% of the total exergy input is contained in the consumed energy vectors (i.e. vapor CO2 and warm water) 648 
which will be returned to the thermal network central plant as material stream. The exergy contained in the useful air 649 
products (i.e. liquid oxygen and liquid nitrogen) accounts for 10.3% of the total exergy input, which means that the overall 650 
exergy efficiency investigated here is at 10.3%.  651 
 652 
        Fig. 14d shows the exergy flows of an air separation unit coupled to the thermal storage. Similar to the air separation 653 
coupled to the thermal network, electricity will be obtained from the baseline combined cycle to drive the compressors. 654 
Around 61.3% (or ≈ 7.0 MW) of the total exergy input comes from the chemical exergy contained in the natural gas 655 
consumed by the combined cycle. With 0.9% of the exergy input from material streams to the combined cycle, electricity, 656 
representing 29.7% of the total exergy input, is supplied to the air separation unit. Around 36.6% (or ≈ 4.4 MW) of the 657 
total exergy input to the system comes from the physical energy contained in the LNG to be regasified in the thermal 658 
storage central plant. Exergy of the waste stream leaving the thermal storage central plant, which is mainly contributed by 659 
the regasified LNG, amounts to 0.7% of the total exergy input. The exergy destruction in the thermal storage mainly occurs 660 
in the heat exchangers, and amounts to 26.6%. The PCMs leaving the thermal storage contain 9.3% of the total exergy 661 
input. For distribution of the PCMs by truck, 1.0% of the total exergy is destroyed due to transport loss, and is compensated 662 
by the chemical exergy contained in the diesel fuel consumed by trucks. Due to the good thermal insulating properties of 663 
the cryogenic tanks, the thermal loss during distribution is negligible. Inside the air separation unit, the total exergy 664 
destruction accounts for 23.8% of the total exergy input, with the main source of exergy destruction from the heat 665 
exchangers. Exergy of waste stream leaving the air separation unit amounts to 5.3% of the total exergy input, while the 666 
useful air products accounts for 10.1% of the total exergy input.  667 
 668 
        It is observed from Table 13 and Fig. 14 that the air separation unit coupled to the LNG assisted power cycle has the 669 
highest overall exergy efficiency among all the air separation units coupled to different energy vectors. This is because of 670 
the advantage over the air separation unit coupled to the baseline combined cycle by significantly reducing the amount of 671 
natural gas consumed by the power cycle. However, the advantage is not considerable as it is taking in a significant amount 672 
of exergy from the physical exergy contained in the LNG, which is originally meant to be wasted if not utilized. For air 673 
separation unit coupled to a thermal network or a thermal storage, the dependency on cold exergy contained in the LNG 674 
has significantly increased, thus reducing the overall exergy efficiency of these setups. For the comparison of the overall 675 
carbon emission for the different setups of air separation units, due to the large consumption of natural gas, air separation 676 
unit coupled to the baseline combined cycle yields the highest overall carbon emission, followed by air separation unit 677 
coupled to the thermal network. Due to similarity in the setups, air separation units coupled to the thermal storage and 678 
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thermal network yield the least carbon emission due to their significantly reduced compression work, which is caused by 679 
the presence of the sub-ambient temperature energy vectors that provide cold energy for intercooling process.  680 

 681 
5.2 Dry Ice Production 682 
 683 
        Four different setups have been considered according to the energy vectors utilized by the dry ice production. Fig. 684 
15a shows the setup of a conventional dry ice production using electricity as the main energy vector input described by 685 
Arora [44]. Inlet CO2 (1) is firstly mixed with recycled CO2 from the snow chamber (12) to lower its temperature. The 686 
mixed stream is then compressed to a pressure slightly above the triple point of CO2 (3) before being cooled using cooling 687 
water to (4). Then it is mixed with another recycled stream from the separation column (13) before being further 688 
compressed to ≈ 20 bar (6). The compressed CO2 is then cooled by a water cooler (7) and an R134a heat pump (represented 689 
by state (21)-(24)) to liquid state (8), before being pressure-relieved to a pressure slightly above its triple point (9). Here 690 
the liquid CO2 is separated from its vapor state; the vapor state is recycled (12) and the liquid CO2 is sent to the snow 691 
chamber (10), where dry ice is collected as the output product (11). For the snow chamber, the entering liquid CO2 is at a 692 
pressure slightly above the triple point; the liquid CO2 will be pressure-relieved in this specially designed snow chamber.  693 
 694 
        The dry ice production using liquid CO2/chilled water as assistive source of energy input is shown in Fig. 15b. The 695 
process is similar to the conventional dry ice production process, but modified with a few more cooling steps to reduce 696 
the amount of compression work. Inlet CO2 (1) is first precooled using liquid CO2 from the thermal network to about -697 
40⁰C (2). It is then mixed with recycled CO2 from the snow chamber (15) to reduce temperature (3) and compression work. 698 
The mixed stream is then compressed to slightly above the CO2 triple point pressure (4) before being cooled by chilled 699 
water in HX-2 and liquid CO2 in HX-3 respectively to state (6). Then it is mixed with the recycled CO2 from the separation 700 
column (13) before being further compressed to ≈ 10 bar (8). Further cooling is done by chilled water in HX-4 (9) and 701 
liquid CO2 from thermal network in HX-5 (10). The liquefied CO2 is then pressure-relieved (11) and separated into its 702 
liquid (12) and vapor phase (13). Liquid CO2 from the separation column is then delivered to the snow chamber to be 703 
processed into dry ice while the vapor phase is recycled for cooling purposes.  704 
 705 
       The dry ice production mechanisms using electricity as main energy input or that using electricity with chilled 706 
water/liquid CO2 exergy input require two stage compression because of the high CO2 liquefaction pressure due to 707 
unavailability of cold source at suitable low temperature. Two-stage compression with intercooling will thus minimize the 708 
required compression power.  709 
 710 
        With availability of lower temperature cold sources such as PCMs, which operate at low enough temperatures, the 711 
CO2 compressor outlet pressure can be further reduced, simplifying the whole setup into a single compression process as 712 
shown in Fig. 15c. In this setup, a salt solution [48] consisting of 24 wt% LiCl is used as the PCM with phase change 713 
temperature of -67°C. The input CO2 (1) is first precooled using cold released from the PCM (2), before being mixed with 714 
the recycled CO2 from the snow chamber (3). The mixed CO2 is then compressed to a pressure just above the triple point 715 
(4) and is cooled using cooling water (5) and PCM (6) to its liquid state before delivered to the snow chamber.  716 
 717 
        With liquid nitrogen as energy vector, as shown in Fig. 15d, dry ice production is also a simple compression process. 718 
The inlet CO2 (1) is mixed with recycled CO2 (8) from the snow chamber (2), before being compressed to ≈ 8.5 bar (3) 719 
using mechanical power generated during the expansion of liquid nitrogen. The compressed CO2 is then cooled to state (4) 720 
by using cooling water and state (5) using a mix of water-glycol and boiling nitrogen (13) exitiing the isothermal expander 721 
(EP-1), before being delivered to the snow chamber. In this case the CO2 compressor outlet pressure is set at 8.5 bar, which 722 
is optimized based on the amount of liquid nitrogen needed and the availability of mechanical energy in the liquid nitrogen 723 
supplied to the expander. Inside the isothermal expander (EP-1), the liquid nitrogen (12) is mixed with water-glycol 724 
solution (11) and is evaporated, generating mechanical power. The mixture (13) is then delivered to HX-2 to liquefy the 725 
CO2 prior to be discharged (14).   726 



28 
 

  727 
(a) 728 

  729 
(b) 730 
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(c) 732 

   733 
(d) 734 

Fig. 15. Schematic diagram of the dry ice production using energy input of (a) electricity only (b) electricity and liquid 735 
CO2/chilled water (c) electricity and thermal storage (d) liquid nitrogen only 736 

Table 14 737 
Input exergy amounts and performance by utilizing different energy vectors to produce 1 kg/s dry ice 738 

Energy vector Electricity Liquid CO2/water PCM LN2 
SOURCE OF EXERGY INPUT (MW) 

Electricity Exergy, EE 0.79 0.24 0.18 0.00 
Exergy of Cold Vectors, 

ECW/ELCO2/EPCM/ELN2 
0.00 0.49 0.32 1.22 

PERFORMANCE PARAMETER 
Exergy Efficiency (%) 32.99 39.98 58.27 23.84 

 739 

 740 

(a) 741 
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 742 

(b) 743 

 744 

(c) 745 

 746 

(d) 747 

Fig. 16. Exergy flows for the dry ice production using (a) electricity input (b) electricity assisted by cold from liquid 748 
CO2/chilled water (c) electricity assisted by cold from PCM (d) energy from liquid nitrogen 749 

        To produce 1 kg/s of dry ice, Fig. 16a shows that for dry ice production using electricity to drive the compressors, 750 
the main source of exergy input (≈ 0.79 MW) comes from the electricity and contributes to 89.8% of the total exergy input. 751 
Exergy of the waste stream (i.e. the heated cooling water) makes 20.4% of the total exergy input. The total exergy 752 
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destruction in the process is 46.6%, with the main location of exergy destruction in the compressors, heat exchangers and 753 
the valves.  754 

        Fig. 16b shows the exergy flows for dry ice production using cold from liquid CO2 and chilled water as exergy input 755 
to assist in the dry ice production. Due to the presence of low temperature liquid CO2/chilled water for the intercooling 756 
process, the electricity required to drive the compressors is significantly reduced to ≈ 0.24 MW which is equivalent to 757 
32.4% of the total exergy input. The major exergy input comes from the physical exergy of the liquid CO2/chilled water, 758 
which contributes to 67.5% of the total exergy input to the system. Waste streams leaving the dry ice production process 759 
are mainly the heated water and vapor CO2 that represents 36.1% of the total exergy input. The exergy recovered by the 760 
dry ice produced is 40.0% of the total exergy input. The total exergy destroyed is 23.9%, and is mainly contributed by heat 761 
exchangers and Joule-Thompson valves. Compared to the case with electricity as main exergy input, the exergy destruction 762 
in the compressors is less due to the reduced pressure ratio and thus reduced compressor work.   763 

        Fig. 16c shows the exergy flows in the dry ice production utilizing cold from thermal storage as part of the exergy 764 
input together with electricity. Similar to the dry ice production process with liquid CO2/chilled water input, the electricity 765 
input is 36.0% (or ≈ 0.18 MW) of the total exergy input. Physical exergy of the PCM contributes 63.7% of the total exergy 766 
input. The exergy recovered by the dry ice is 58.3%, while the exergy destruction is 40.9%, mainly due to the heat 767 
exchangers and the valves.  768 

        The exergy flows for the dry ice production using liquid nitrogen as energy vector are shown in Fig. 16d. The 769 
mechanical power, which is part of the physical exergy of the liquid nitrogen energy vector, is used to drive the compressor. 770 
The physical exergy of the liquid nitrogen, which also includes the cold exergy, contributes to about 99.6% of the total 771 
exergy input. The waste stream leaving the dry ice production, which mainly consists of the vapor nitrogen, contains 772 
exergy of 8.1% of the total exergy input. The exergy recovered by the dry ice is 23.8%. The exergy destruction in the 773 
process is 68.1%, and is mainly due to the heat exchangers operating with the high-grade exergy contained in the unutilized 774 
liquid nitrogen.  775 

 776 
 777 
 778 
Table 15 779 
Overall exergy input and overall performance of dry ice production coupled to different energy vectors 780 

Energy Vector Baseline LNG Power 
Cycle 

Thermal 
Network 

Thermal 
Storage LNG ASU 

SOURCE OF EXERGY INPUT (MW) 
NG Chemical Exergy, EC,NG  1.73 1.41 0.49 0.37 4.62 
LNG Physical Exergy, EP,LNG  0.00 0.32 1.46 1.18 2.08 

Diesel Exergy, Efuel 0.00 0.00 0.00 0.03 0.02 
PERFORMANCE PARAMETERS 

Exergy Efficiency (%) 15.70 15.88 13.08 18.42 4.26 
Carbon Emission (kTPA) 3.00 2.45 0.85 0.71 8.07 

 781 
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(a) 783 

 784 

 785 
(b) 786 
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 787 
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 789 
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 791 
(e) 792 

Fig. 17. Overall exergy flows for dry ice production downstream of (a) baseline power plant (b) LNG assisted power 793 
plant (c) thermal network (d) thermal storage (e) LNG assisted air separation  794 

 795 
        As shown in Fig. 17a, for conventional dry ice production which is coupled to the baseline combined cycle, the main 796 
source of exergy input (93.3% of the total exergy input or ≈ 1.7 MW) is the chemical exergy contained in the natural gas 797 
consumed by the combined cycle. The exergy flows and destruction inside the baseline combined cycle are similar to that 798 
discussed in Section 3.1, in which the total exergy destruction amounts to 42.6% of the total exergy input, with the main 799 
exergy destruction occurring in the combustion chamber. Upon grid distribution, the electricity that reaches the dry ice 800 
production amounts to 45.2% of the total exergy input to the system. With the amount of electricity, together with the 801 
exergy of material streams input to the dry ice production (i.e. cooling water and carbon dioxide), which is at 5.3% of the 802 
total exergy input, dry ice is produced at an overall exergy efficiency of 15.7%. The exergy of waste stream leaving the 803 
dry ice production process amounts to 10.2%, and consists mainly of exergy contained in the heated cooling water. The 804 
main occurrence of exergy destruction is in the valves, which included JV-1 and JV-2, and in the snow chamber (as shown 805 
in Fig. 15a) where the liquid CO2 is pressure-relieved again to atmospheric pressure to facilitate the production of dry ice. 806 
The exergy destruction in the heat exchangers amounts to 7.3%, due to the temperature mismatch in the various heat 807 
exchangers; the exergy destruction due to the isentropic efficiency of the compressors amounts to 6.6%.  808 
 809 
        For dry ice production coupled to the LNG assisted power cycle, the exergy flows are shown in Fig. 17b. Compared 810 
to the dry ice production using electricity generated from the baseline combined cycle, the chemical exergy of the natural 811 
gas consumed is reduced to ≈ 1.4 MW, which is equivalent to 77.1% of the total exergy input. Around 17.6% (or ≈ 0.3 812 
MW) of the total exergy comes from the physical exergy of the regasified LNG in the power cycle. The exergy of other 813 
material streams is too small to be included in the exergy flow diagram. The exergy flows inside the LNG assisted power 814 
cycle are similar to that discussed in Section 3.2, with exergy destruction at 44.1% of the total exergy input: the main 815 
source of exergy destruction is the combustion chamber and the heat exchangers. The electricity used in the dry ice 816 
production amounts to 45.7% of the total exergy input, while 5.3% of the total exergy coming from the material streams 817 
entering the process. Dry ice is produced with an overall efficiency of 15.9%. The exergy flows and destructions in the 818 
dry ice production process are similar to that shown in Fig. 17a.  819 
 820 
        Exergy flows for dry ice production coupled to the thermal network are shown in Fig. 17c. The electricity used to 821 
drive the CO2 compressor is assumed to be obtained from the baseline combined cycle, with exergy flows similar to that 822 
in Section 3.1. Chemical exergy of the natural gas consumed in the baseline combined cycle amounts to 22.0% (or ≈ 0.5 823 
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MW) of the total exergy input to the system. The amount of electricity that enters the dry ice production process upon grid 824 
distribution amounts to 10.6%. Around 65.7% (or ≈ 1.5 MW) of the total exergy input to the system comes from the 825 
physical exergy of LNG, which acts as the cold source to charge the liquid CO2/chilled water energy vector. The remaining 826 
12.0% of the total exergy input is contributed by the material streams entering the thermal network central plant (i.e. warm 827 
water and vapor CO2). Due to large temperature mismatch in the heat exchangers, the exergy destruction in the thermal 828 
network central plant is 47.2%. Around 8.1% of the total exergy input is lost in the waste streams leaving the thermal 829 
network central plant, which mainly consist of the regasified LNG. Around 22.4% of the total exergy input is converted 830 
into liquid CO2 in the thermal network central plant. Due to the small amount of chilled water needed for the dry ice 831 
production, the exergy of chilled water is negligible (<0.05%) and thus not shown in the exergy flow diagram. Along the 832 
pipeline, the exergy destruction due to the thermal loss is 0.3%, while the exergy destroyed due to friction loss (0.1% of 833 
total exergy input) is covered by the electricity input to the pump. With electricity and the cold from liquid CO2/chilled 834 
water as main exergy sources for dry ice production, dry ice is produced with an overall exergy efficiency of 13.1%. Waste 835 
streams exiting the dry ice production process, which mainly consist of the warm water and vapor CO2 that will be returned 836 
to the thermal network central plant, account for 11.8% of the total exergy input. Compared to the dry ice production 837 
coupled to electricity as the energy vector, the exergy destruction in the dry ice production process is significantly reduced 838 
and only accounts for 7.8% of the total exergy input.   839 
 840 
        Fig. 17d shows the exergy flows for dry ice production coupled to the thermal storage. Electricity will still be obtained 841 
from the baseline combined cycle to drive the compressors. Thus, 23.5% of the total exergy input is the chemical exergy 842 
of natural gas consumed by the combined cycle, producing electricity (11.4% of total exergy input) entering the dry ice 843 
production. The main source of exergy input to the system (74.5% of the total exergy input) comes from the physical 844 
exergy of LNG to be regasified in the thermal storage central plant. However, the exergy destruction in the heat exchangers 845 
of the central plant is large (50.9% of the total exergy input) due to temperature mismatch and the waste of LNG high-846 
grade exergy which is not utilized in the process. For the dry ice production, the amount of exergy destruction in the 847 
process is 12.9%, with the main source of exergy destruction in the heat exchangers. The overall exergy efficiency of the 848 
process is 18.4%.  849 
 850 
        Exergy flows for the dry ice production process coupled to the liquid nitrogen energy vector are shown in Fig. 17e. 851 
Liquid nitrogen is produced using the LNG assisted air separation process, and is used as energy vector to drive the dry 852 
ice production. For the air separation process, electricity is assumed to be obtained from the baseline combined cycle, thus 853 
the main source of exergy input coming from the chemical exergy of natural gas consumed by the combined cycle (67.6% 854 
of the total exergy input or ≈ 4.6 MW). The exergy flows inside the combined cycle are similar to that described earlier. 855 
Electricity produced and delivered to the air separation unit is 32.8% of the total exergy input. Another major exergy 856 
source is the physical exergy of LNG to be regasified in the air separation unit (30.5% of the total exergy input or ≈ 2.1 857 
MW), providing cold energy for the air separation process. For the air separation process, the exergy contained in the 858 
waste streams (i.e. the cooling water and unused side-product) is around 12.2% of the total exergy input. The total amount 859 
of exergy destruction in the air separation process is 33.7%, with the main sources of exergy destruction in the MSHE and 860 
the heat exchangers. The liquid nitrogen supplied to drive the dry ice production contains 17.9% of the total exergy input. 861 
The road transport loss represents 0.4% of the total exergy input, and is covered by the fuel consumed by the trucks. The 862 
thermal loss is negligible. The exergy going into the dry ice production is 18.0% and mainly comes from the physical 863 
exergy contained of the liquid nitrogen. For the dry ice production process, due to the large temperature mismatch in heat 864 
exchangers, a large amount of high-grade thermal exergy in the liquid nitrogen is not utilized, resulting in the exergy 865 
destruction in the heat exchangers to be the largest and amounts to 10.6% of the total exergy input. The exergy destruction 866 
in the rest of the components (i.e. valves, compressor and separation column) amounts to 1.5%. The waste streams leaving 867 
the dry ice production, mainly consisting of the physical exergy of vaporized air leaving the process and unused mechanical 868 
work, contain 1.5% of the total input exergy. Due to the large amount of exergy destruction in the baseline combined cycle, 869 
in the air separation process and in the heat exchangers during dry ice production, the overall exergy efficiency is only ≈ 870 
4.3%.  871 
 872 
       From Fig. 17 and  873 
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 874 

 875 

Table 15, it can be noticed that the cleanest and most exergy efficient energy vector for dry ice production is the PCM. 876 
This is because with suitable PCM to assist in the dry ice production, the dry ice production setup can be simplified from 877 
two-stage compression to single stage, significantly reducing the amount of compression work required for the process 878 
and thus increasing its exergy efficiency; this reduces the dependency on electricity input, subsequently reducing the 879 
carbon emission. Usage of liquid CO2 and chilled water as energy vectors, is the second cleanest option for dry ice 880 
production due to large reduction in compression work compared to the dry ice production depending solely on electricity. 881 
Liquid nitrogen as energy vector has the lowest performance despite only a single stage compression is required for the 882 
dry ice production. This is due to the large amount of exergy destruction alongside the electricity generation and the air 883 
separation process. Besides, the high-grade cold contained in the liquid nitrogen cannot be utilized completely by the dry 884 
ice production, causing large amount of exergy destruction in the process, thus further reducing the overall exergy 885 
efficiency. 886 
 887 

 888 
5.3 Deep freezing 889 
 890 

For deep freezing purposes, 1 MWt of cold is needed and supplied to an amount of air that is cooled from -10°C to        891 
-20°C. Conventional deep freezing processes utilize an R134a heat pump to provide the amount of cold required, with a 892 
COP of ≈ 2.0 (Fig. 18a). The returned air at -10⁰C (1) is cooled to -20⁰C (2) via HX-1 using R134a, in which (11)-(14) 893 
represents the heat pump cycle. When energy vectors such as liquid CO2 or PCM (e.g. SN33 [46]) are considered, heat 894 
exchangers will be used to exchange cold with the air to be cooled down, as shown in Fig. 18b.  895 
        Liquid nitrogen is known to be able to generate cold and mechanical power at the same time when used to drive an 896 
isothermal expander. As shown in Fig. 18c, in the isothermal expander (EP-1), liquid nitrogen (22) is mixed with a liquid-897 
glycol solution (21) to be evaporated, generating mechanical power in the process, which will be delivered to the R134a 898 
heat pump cycle (11)-(14) with COP of ≈ 2.0 for heat extraction from the inlet air stream (2) via HX-2. The mixture of 899 
liquid nitrogen and water-glycol solution (23) exiting EP-1 at a low temperature, will be used for heat extraction from 900 
another stream of inlet air (4) via HX-1.   901 
 902 

 903 

 904 
(a) 905 
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  906 
(b) 907 

  908 
(c) 909 

Fig. 18. Schematic diagram for deep freezing process/cooling of water returned from district cooling using energy input 910 
of (a) electricity only (b) liquid CO2/PCM (c) liquid nitrogen only 911 

 912 

Table 16 913 
Input exergy amounts and performance of deep freezing process utilizing different energy vectors 914 

Energy Vector Electricity Liquid CO2 PCM LN2 
SOURCE OF EXERGY INPUT (MW) 

Electricity Exergy, EE 0.49 0.00 0.00 0.00 
Exergy of Cold Vectors, 

ECW/ELCO2/EPCM/ELN2 
0.00 0.61 0.34 0.81 

PERFORMANCE PARAMETER 
Exergy Efficiency (%) 32.79 31.72 55.95 23.75 

 915 
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 916 

(a) 917 

 918 

(b) 919 

 920 

(c) 921 

 922 
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(d) 923 

Fig. 19. Exergy flows for the deep freezing process using (a) electricity input (b) cold from liquid CO2 (c) cold from 924 
PCM (d) energy from liquid nitrogen 925 

        Fig. 19a shows the exergy flows of the deep freezing process using a heat pump. Electricity represents 69.9% of the 926 
total exergy input (or ≈ 0.5 MW) and is used to drive the compressor of the heat pump cycle to generate cooling power. 927 
The rest of exergy input comes from the cooling water going into the heat pump and the exergy contained in the inlet air 928 
to be cooled, which are labelled as the material streams into the deep freezing process. The waste stream, which mainly 929 
consists of the heated cooling water leaving the heat pump, contains 26.1% of the total exergy input. Exergy recovered by 930 
the cooled air for the deep freezing process is 32.8% of the total exergy input. Exergy destruction occurs in the main 931 
component of the setup, which is the heat pump. The components of the heat pump (compressor, heat exchangers and 932 
valve) account for most of the exergy destruction and amount to 41.1% of the total exergy input.  933 

        Fig. 19b and Fig. 19c show the deep freezing process using liquid CO2 and PCM as the main energy vectors for cold 934 
energy input. The main exergy input source is now the physical exergy from these energy vectors. The waste stream mainly 935 
consists of the energy vector leaving the cold application after exchanging heat with the inlet air. The main location of 936 
exergy destruction is in the heat exchangers, where the heat transfer and temperature mismatch occur. The amount of 937 
exergy destruction is reduced compared to the case with using electricity as the main exergy input due to the reduced 938 
number of components. When the setup using liquid CO2 as the main exergy input is compared to that using PCM as 939 
energy vector, the analysis shows that the setup with PCM has significantly higher exergy efficiency (55.9% compared to 940 
31.7%) due to good selection of material and thus a good temperature profile match and less amount of waste of high-941 
grade cold exergy.  942 

        Fig. 19d shows the exergy flows of the deep freezing process using liquid nitrogen as cold energy vector; the physical 943 
exergy of liquid nitrogen (i.e. cold exergy and mechanical exergy) makes 82.6% of the total exergy input. The waste 944 
streams mainly consist of the used nitrogen and the cooling water leaving the heat pump, with their physical exergy values 945 
at 29.5% of the total exergy input. The exergy recovered by the cooled air is 23.8%, while the exergy destruction of the 946 
process is 46.7%. The exergy destruction in the heat exchangers for this deep freezing setup is higher compared to the 947 
deep freezing process using other exergy input (i.e. electricity, liquid CO2 and PCM) because of the increased number of 948 
heat exchangers in the overall setup and also the unutilized high-grade cold of the liquid nitrogen.   949 

Table 17 950 
Overall exergy input and overall performance for deep freezing process coupled to different energy vectors 951 

 Baseline LNG Thermal 
Cycle 

Thermal 
Network 

Thermal 
Storage LNG ASU 

SOURCE OF EXERGY INPUT (MW) 
NG Chemical Exergy, EC,NG  1.02 0.83 0.00 0.00 3.06 

LNG Physical Exergy, EP,LNG  0.00 0.19 1.96 1.33 1.38 
Diesel Exergy, Efuel 0.00 0.00 0.00 0.05 0.02 

PERFORMANCE PARAMETERS 
Exergy Efficiency (%) 18.57 18.75 9.49 15.96 4.94 

Carbon Emission (kTPA) 1.77 1.44 0.01 0.12 5.34 
 952 
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 955 
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 959 
(d) 960 

 961 
(e) 962 

Fig. 20. Overall exergy flows for the deep freezing process downstream of (a) baseline power plant (b) LNG assisted 963 
power plant (c) thermal network (d) d thermal storage (e) LNG assisted air separation unit 964 

 965 
        Fig. 20a shows the overall exergy flows from a baseline combined cycle to the deep freezing process. It can be seen 966 
that the main source of exergy input (81.7% of total exergy input or ≈ 1.0 MW) is the chemical exergy contained in the 967 
natural gas to be consumed by the combined cycle. In the baseline combined cycle, the total amount of exergy destruction 968 
is 37.2%, mainly occurring in the combustion chamber. The electricity produced and used in the deep freezing process 969 
makes 39.6% of the total exergy input. For the deep freezing process, the exergy flows are similar to those shown in Fig. 970 
19a, and the total exergy destruction is 23.3% of the total exergy input; the overall exergy efficiency is 18.6%.  971 
 972 
        From Fig. 20b, which shows the exergy flows from an LNG assisted power cycle to the deep freezing process, the 973 
amount of natural gas chemical exergy input is reduced to ≈ 0.83 MW (or 67.4%) of the total exergy input. Around 15.4% 974 
(or ≈ 0.2 MW) of the total exergy input comes from the physical exergy of LNG to be regasified in the power cycle. The 975 
total exergy destruction is 38.6%, and is mainly due to the combustion chamber. After the transmission process, the 976 
electricity reaching the deep freezing process is 40.0% of the total exergy input. In the deep freezing process, the amount 977 
of exergy destruction is 23.6% and the amount of exergy for the waste streams is 14.9%; the overall exergy efficiency is 978 
18.7%.  979 
 980 
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        Fig. 20c shows the exergy flows from the thermal network central plant to the deep freezing process. The main exergy 981 
input comes from the physical exergy of LNG to be regasified (80.4% of the total exergy input or ≈ 2.0 MW). Other main 982 
exergy input to the thermal network central plant comes from the material stream (i.e. exergy of the vapor CO2). The 983 
exergy destruction is large at the central plant where the heat exchange between LNG and the working fluids occur (as 984 
shown in Fig. 6) due to the large amount of unutilized high-grade cold from LNG. The exergy of liquid CO2 is 28.1% of 985 
the total exergy input. The pressure loss in the pipes is almost negligible, and the exergy destruction due to the thermal 986 
loss is 0.3% of the total exergy input, yielding liquid CO2 entering the deep freezing process with an exergy of 27.8% of 987 
the total exergy input. A large amount of exergy is lost through the waste stream, which in the CO2 leaving the deep 988 
freezing process at a still low temperature, due to the requirement to maintain the operating condition of the CO2 pipeline. 989 
The amount of exergy destruction during the heat exchange for deep freezing process is low at 1.8%, due to a better 990 
temperature profile matching in the heat exchanger. This yields the overall exergy efficiency of 9.5%.  991 
 992 
        The exergy flows from the thermal storage to the deep freezing process, as shown in Fig. 20d, are very similar to the 993 
deep freezing process coupled to the thermal network. Around 80.1% of the exergy input comes from the LNG physical 994 
exergy, in which a large amount is destroyed in the thermal storage central plant where the heat exchange between LNG 995 
and the PCM energy vector occurs due to poor temperature profile match and thus loss of high-grade cold exergy. Inside 996 
the deep freezing process, due to a good selection of the PCM, which has a good temperature match with the deep freezing 997 
process, the exergy loss due to the waste stream (which mainly consist of the PCM leaving the heat exchange process) and 998 
the exergy destruction in the heat exchanger is significantly reduced compared to the deep freezing process coupled to the 999 
thermal network, yielding a significantly higher overall exergy efficiency of 16.0%.  1000 
 1001 
        For the deep freezing process coupled to the liquid nitrogen produced by the LNG assisted air separation unit (Fig. 1002 
20e), the main exergy input comes from the chemical exergy of the natural gas consumed by the baseline combined cycle 1003 
to produce electricity, which is subsequently used to drive the compressors in the LNG assisted air separation unit. The 1004 
amount of chemical exergy consumed is 65.2% of the total exergy input (or ≈3.1 MW), and the exergy flows in the baseline 1005 
combined cycle are similar to those discussed in Section 3.1. The electricity entering the air separation unit has 31.6% 1006 
amount of the total exergy input, combined with the physical exergy provided by the LNG entering the air separation 1007 
process, liquid nitrogen is produced, containing exergy amounts to 17.5% of the total exergy input. The distribution loss 1008 
of liquid nitrogen is ≈ 0.3% of the total exergy input, which is mainly contributed by the road transport loss; the thermal 1009 
loss is negligible due to the good tank insulation and short distribution distance. The exergy destruction due to road 1010 
transport loss is assumed to be obtained from the diesel fuel input to the truck. For the deep freezing process, as discussed 1011 
in Fig. 19d, the main cause of exergy destruction is in the heat exchangers. The total amount of exergy wasted and 1012 
destruction is 6.2% and 9.7% respectively, yielding an overall efficiency of 4.9%.  1013 

 1014 
        From the overall exergy efficiency point of view, deep freezing utilizing electricity (from both the baseline combined 1015 
cycle and LNG assisted power cycle) as main energy input is the most advantageous because of the relatively smaller 1016 
amounts of the total exergy input to the overall process, as compared with deep freezing processes acquiring other energy 1017 
vector as exergy input, which require large amounts of cold energy input from the LNG regasification. However, it should 1018 
be noted that the cold energy will be wasted if not utilized properly, and it has been shown that with the cold energy input, 1019 
electricity input is no longer required for the deep freezing process, and in the case of deep freezing acquiring liquid CO2 1020 
or PCM as cold energy source, it can be seen that the process has been significantly simplified. However, for deep freezing 1021 
process utilizing liquid nitrogen, due to the presence of both mechanical and cold energy, the setup has become more 1022 
complicated as two different loops will be required to recover both the mechanical and cold energy of the liquid nitrogen. 1023 
Besides that, the exergy efficiency is extremely low due to the waste of energy to generate liquid nitrogen, which contains 1024 
very high-grade cold energy that is subsequently unrecoverable by the deep freezing process alone. For the carbon emission 1025 
part, for deep freezing processes using electricity as main source of exergy, the carbon emission is ≈ 1.8 kTPA for deep 1026 
freezing using electricity generated by the baseline combined cycle and ≈ 1.4 kTPA for the deep freezing process using 1027 
electricity generated by the LNG assisted power cycle. For deep freezing with liquid CO2 as energy source, the carbon 1028 
emission is almost negligible and the only cause of the carbon emission is the consumption of electricity for the small 1029 
amount of pressure loss. The deep freezing using cold input from the PCM yields ≈ 0.12 kTPA and is mainly caused by 1030 
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the transportation of PCM by truck. For the deep freezing using liquid nitrogen energy vector, the carbon emission is high 1031 
at ≈ 5.3 kTPA due to high amount of electricity consumed in the air separation process.  1032 
 1033 

 1034 
5.4 District Cooling  1035 

 1036 
        It is assumed that the industrial district is cooled by using a district cooling concept to achieve energy savings 1037 
compared to stand-alone cooling systems in each of the industrial facilities. For this cooling purpose, it is assumed that 1 1038 
MWt of cooling is needed, and is supplied using water from a district cooling central plant to each of the facilities via a 1039 
pipeline system that is already in-place. In this scenario, it is assumed that this district cooling central plant will receive 1040 
the water returned from the industrial plant at ≈ 15°C and cool it to ≈ 5°C before supplying it to the district cooling network 1041 
again.    1042 
 1043 
        In the conventional scenario of a district cooling process using electricity input, a heat pump cycle with a COP of ≈ 1044 
4.2 will be used to convert electricity to cooling energy to cool the water returned after the district cooling process. The 1045 
scenario is very similar to the deep freezing process as shown in Fig. 18a, with streams (1) and (2) replaced with inlet 1046 
water at 15°C and cooled water at 5°C respectively.  1047 
 1048 
        Using liquid CO2 or PCM energy vectors to supply cold energy for district cooling, due to the availability of a cold 1049 
source, the heat pump cycle can be replaced by a single heat exchange process, eliminating the dependence on electricity 1050 
in the returned water cooling process. It is similar to the deep freezing process as shown in Fig. 18b, in which (1) and (2) 1051 
are replaced with returned water and cooled water. In this case, for the usage of cold from the thermal network, liquid CO2 1052 
alone will be utilized due to the very small temperature difference between the chilled water from the thermal network and 1053 
the water returned to the district cooling central plant to be cooled. For the district cooling utilizing cold from the thermal 1054 
storage, PCM AN03 with a phase change temperature of -3°C [48] will be used.  1055 
 1056 
        The district cooling can also be powered by liquid nitrogen, which is able to generate cold and mechanical power at 1057 
the same time. The setup of this district cooling is similar to the deep freezing process shown in Fig. 18c, in which streams 1058 
(1), (2) and (4) are replaced with returned water and streams (3), (5) and (6) replaced with cooled water. The heat pump 1059 
cycle (11)-(14) has a COP of ≈ 4.2 and utilize mechanical energy produced by liquid nitrogen during the nitrogen 1060 
evaporation process to drive the compressor. This heat pump cycle is used to cool the water through HX-2 while direct 1061 
heat exchange occurs through HX-1 between the mixture of water-glycol with boiled nitrogen (23) and the returned water 1062 
(4).  1063 
 1064 
Table 18 1065 
Input exergy amounts and performance for cooling of returned water utilizing different energy vectors  1066 

Energy Vector Electricity Liquid CO2 PCM LN2 
SOURCE OF EXERGY INPUT (MW) 

Electricity Exergy, EE 0.24 0.00 0.00 0.00 
Exergy of Cold Vectors, 

ECW/ELCO2/EPCM/ELN2 0.00 0.61 0.07 0.49 

PERFORMANCE PARAMETER 
Exergy Efficiency (%) 6.95 3.66 27.08 4.06 

 1067 
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 1068 

(a) 1069 

 1070 

(b) 1071 

 1072 

(c) 1073 

 1074 
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(d) 1075 

Fig. 21. Exergy flows for cooling of returned water using (a) electricity input (b) cold from liquid CO2 (c) cold from 1076 
PCM (d) energy from liquid nitrogen  1077 

        Fig. 21 shows the exergy flows for the district cooling in which different energy vectors are converted to the cold 1078 
energy contained in the cooling water to be distributed to the industrial facilities for district cooling purposes. The exergy 1079 
flows are similar to that of the deep freezing process coupled to different energy vectors, which are shown in Fig. 19.  1080 

        Fig. 21a shows the exergy flows for the district cooling using electricity as the main exergy input to cool the water 1081 
returned from the district cooling process. Around 0.24 MW electricity (72.5% of the total exergy input) is needed by the 1082 
heat pump cycle to generate the required 1 MWt cooling power. The waste stream mainly consists of the cooling water 1083 
leaving HX-2 of the heat pump cycle and contributes to exergy loss of 48.5% of the total exergy input. Due to the low-1084 
grade cold acquired by the cooled water to be distributed to the district, the exergy efficiency is reduced to 6.9% compared 1085 
to the deep freezing process. The exergy destruction is 44.6%, and is contributed mainly by the heat exchangers HX-1 and 1086 
HX-2.  1087 

        Fig. 21b and Fig. 21c show the exergy flows for cooling of the returned water from district cooling via single heat 1088 
exchange process using liquid CO2 (Fig. 21b) and PCM AN-03 (Fig. 21c). For usage of liquid CO2, the main exergy input 1089 
source comes from the physical exergy of the liquid CO2 (99.5% of the total exergy input or ≈ 0.61 MW). The exergy 1090 
efficiency is low, at 3.7%, which is mainly affected by the high loss of exergy (52.3% of the total exergy input) through 1091 
the waste streams leaving the heat exchange process, which mainly consist of the vapor CO2 at a below-ambient 1092 
temperature and the large amounts of exergy destruction in the heat exchanger. For the cooling of returned water using 1093 
PCM, the main exergy input source also comes from the physical exergy of the PCM (96.2% of the total exergy input) but 1094 
at a far lower amount of 0.07 MW compared to that using liquid CO2 energy vector. Thus, this process yields a higher 1095 
exergy efficiency of 27.1%, with a much lower amount of exergy loss via waste streams (16.5% of the total exergy input), 1096 
which mainly consist of the PCM at a closer-to-ambient condition.  1097 

        Fig. 21d shows the exergy flows of the water cooling process using liquid nitrogen as input energy vector. The 1098 
physical exergy of liquid nitrogen is 88.4% of the total exergy input. The waste streams of the process consist of the 1099 
physical exergy of the cooling water leaving the condenser HX-3 of the heat pump cycle and the used nitrogen, which is 1100 
at 49.2% of the total exergy input. The exergy efficiency of this process is 4.1% while the total exergy destruction is 55.7% 1101 
(mainly due to three heat exchangers).  1102 

 1103 
Table 19 1104 
Overall exergy input and overall performance for cooling of returned water from district cooling coupled to different 1105 
energy vectors 1106 

 Baseline LNG Thermal 
Cycle 

Thermal 
Network 

Thermal 
Storage LNG ASU 

SOURCE OF EXERGY INPUT (MW) 
NG Chemical Exergy, EC,NG  0.49 0.40 0.00 0.00 1.87 
LNG Physical Exergy, EP,LNG  0.00 0.09 1.80 1.23 0.84 

Diesel Exergy, Efuel 0.00 0.00 0.00 0.04 0.01 
PERFORMANCE PARAMETERS 

Exergy Efficiency (%) 3.87 3.91 1.06 1.77 0.80 
Carbon Emission (kTPA) 0.85 0.69 0.01 0.09 3.27 

 1107 
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(a) 1109 

 1110 
(b) 1111 

 1112 
(c) 1113 
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 1114 
(d) 1115 

 1116 
(e) 1117 

Fig. 22. Overall exergy flows for cooling of returned water using energy vectors generated from (a) baseline combined 1118 
cycle (b) LNG assisted power cycle (c) thermal network (d) thermal storage (e) LNG assisted air separation unit 1119 

        Fig. 22 shows the exergy flows of the overall process, from the generation of energy vector to the cold applications. 1120 
Due to the similar setup for cooling of the water returned from district cooling with the deep freezing process, the exergy 1121 
flows as shown in Fig. 22 is very similar to that shown in Fig. 20. For Fig. 22a and Fig. 22b, which show exergy flows for 1122 
cooling of the returned water from district cooling using electricity, the main exergy source (>68% of the total exergy 1123 
input) comes from the chemical exergy of the natural gas consumed by the power cycles to produce electricity (≥ 0.4 MW). 1124 
With the main exergy destruction occurring in the combustion chamber of the power cycles and the components of the 1125 
heat pump cycle, the overall exergy efficiency of the water cooling process using electricity from both baseline combined 1126 
cycle and the LNG assisted power cycle is low, at ≈ 3.9%, which is caused by the low exergy content in the product cooling 1127 
water.  1128 
 1129 
        Fig. 22c and Fig. 22d show the exergy flows for using energy vectors produced by the thermal network and thermal 1130 
storage respectively for the similar water cooling process. In both cases, the main exergy input comes from the physical 1131 
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exergy of the LNG to be regasified. Due to the unutilized high-grade cold of the LNG for these energy vectors, the exergy 1132 
destruction inside the heat exchangers of the central plant for both the thermal network and the thermal storage is high. 1133 
This is expected due to the large temperature difference between LNG and the cooled water which is the product of the 1134 
cold application. This causes the low exergy efficiency as shown, which is ≈ 1.1% for that using liquid CO2 energy vector 1135 
and ≈ 1.8% for that using PCM energy vector.  1136 
 1137 
        Fig. 22e shows the exergy flows from the LNG assisted air separation unit for the water cooling process. The main 1138 
exergy input (≈ 66% of the total exergy input) is the chemical exergy of the natural gas consumed by the baseline combined 1139 
cycle, which is used to produce electricity to drive the compressors in the air separation unit. Another main exergy input 1140 
is the physical exergy of the LNG assisting the air separation process. The total amount of exergy lost and destruction in 1141 
the baseline combined cycle and air separation unit is 33.2% and 44.9% respectively. Due to the large amounts of exergy 1142 
destruction and wastage, the overall exergy efficiency of the water cooling process using liquid nitrogen energy vector is 1143 
only 0.8%.  1144 
 1145 
        From the overall exergy efficiency, the cooling of returned water from district cooling using electricity seems 1146 
promising due to the high efficiency demonstrated. However, it should again be remembered that the cold energy is free 1147 
and the charging process of energy vectors such as liquid CO2 and PCMs is much cleaner compared to the electricity 1148 
generation process. Due to the large amounts of energy consumed for the air separation process, the liquid nitrogen energy 1149 
vector alone is not suitable for the district cooling process due to the low efficiency and waste of high-grade cold energy 1150 
contained in the liquid nitrogen. For the carbon emission part, similar to the deep freezing process, the liquid CO2 and 1151 
PCM energy vectors are cleaner (almost zero carbon emission) compared to the liquid nitrogen and electricity energy 1152 
vector as energy input due to the minimization of electricity usage. As aforementioned, during the production of liquid 1153 
nitrogen energy vector, large amounts of electricity that is assumed to come from the baseline combined cycle is required 1154 
as input to the air separation unit, resulting in a high carbon emission of ≈ 3.3 kTPA.  1155 
 1156 
5.5 Compilation of cold applications 1157 
 1158 
        In this section, each of the energy vectors generation methods is analyzed by looking at the total exergy consumption, 1159 
exergy efficiency and carbon emission when each of them is connected to all the downstream cold applications.  1160 

 1161 

 1162 
(a) 1163 
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 1164 
(b) 1165 

 1166 
(c) 1167 
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 1168 
(d) 1169 

 1170 
(e) 1171 

Fig. 23. Exergy flows from (a) baseline combined cycle (b) LNG assisted power cycle (c) thermal network (d) thermal 1172 
storage (e) LNG assisted air separation unit when coupled to all cold applications 1173 

 1174 
        Fig. 23 shows the overall exergy flows and how the exergy is distributed and recovered in the cold applications. Table 1175 
20 tabulates the amount of each exergy source and the performance parameters of using each of the four energy vectors 1176 
generated using different methods. As shown in Fig. 23a, for usage of electricity generated by the baseline combined cycle 1177 
as main energy source for the cold applications, inevitably the main exergy input comes from the chemical exergy of the 1178 
natural gas consumed by the baseline combined cycle (95% of the total exergy input or ≈ 12.8 MW). A large amount of 1179 
exergy destruction occurs in the combined cycle, mainly in the combustion chamber and in the heat exchangers. About 1180 
2.7% of the total exergy is lost during electricity distribution. A large amount of electricity is supplied to the air separation 1181 
unit, mainly due to the large amounts of compressor work needed to supply the sufficient cooling needed for generation 1182 
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of liquid air products. This results in a significant amounts of exergy loss and exergy destruction occurring in the air 1183 
separation unit (26.1% of the total exergy input). The exergy losses are due to large amounts of waste heat generated by 1184 
the compressors and the unused by-products generated, while the exergy destruction is mainly caused by the MSHE, 1185 
compressors and the distillation columns. For the other cold applications, due to the lower grade of cold demanded, the 1186 
electricity input is much less compared to that of the air separation unit. The total amount of exergy loss and destruction 1187 
in the three cold applications (i.e. dry ice production, deep freezing and district cooling) are between 3.9% and 6.6%. The 1188 
overall exergy efficiency is 13%, with carbon emission of ≈ 22.3 kTPA, which is generated mainly by the baseline 1189 
combined cycle.  1190 
 1191 
        Fig. 23b shows the exergy flows of electricity generated using the LNG assisted power cycle. The main difference 1192 
with the exergy generated by the baseline combined cycle is in the power cycle, in which the dependency on natural gas 1193 
chemical exergy is reduced by 18% to ≈ 10.5 MW compared to the baseline combined cycle, which is 78.4% of the total 1194 
exergy input to the system. The physical exergy of LNG to be regasified by the LNG assisted power cycle contributes to 1195 
another 17.9% of the total exergy input. Large amounts of exergy destruction occurs in the LNG assisted power cycle as 1196 
well, mainly caused by the combustion chamber and the heat exchangers. The exergy flows of the electricity generated 1197 
are almost the same as that obtained by using the electricity generated by the baseline combined cycle, and thus will not 1198 
be explained again. The overall exergy efficiency has improved compared to the baseline combined cycle (13.2%) and the 1199 
carbon emission is reduced by ≈ 18.3% compared to the baseline case, mainly due to reduction of natural gas consumed 1200 
in the power cycle.  1201 
 1202 
        Fig. 23c shows the exergy flows for usage of thermal network and two selected working fluids, CO2 and water as 1203 
energy vector to assist or supply energy to the cold applications. Due to the requirement of compressor work in certain 1204 
cold applications where high-grade cold is required (i.e. air separation and dry ice production), electricity is assumed to 1205 
be obtained from the baseline combined cycle, where chemical exergy of natural gas consumed reduced to ≈ 8 MW, which 1206 
is a 38% improvement compared to the baseline case. The exergy flows inside the baseline combined cycle are similar to 1207 
that explained in Fig. 23a. The central plant for the thermal network is where heat exchange between working fluids and 1208 
LNG occurs. The physical exergy of LNG to be regasified is 44.3% of the total exergy input (≈ 7.8 MW). Due to the 1209 
limited phase change temperature of CO2 (-50°C), the high-grade cold of LNG at ≈ -160°C is not utilized, causing the 1210 
large amount of exergy destruction in the thermal network central plant. Similarly, for the cold applications part, the 1211 
distribution of exergy is more or less similar with that using electricity as main exergy input. The overall exergy efficiency 1212 
is ≈ 10%, which is less than the baseline case but it should be understood that almost half of the exergy input comes from 1213 
the physical exergy of LNG, which will be wasted if not recovered. Due to large amount of reduction of the natural gas 1214 
consumption in the system because of the reduced compressor work in the air separation unit and dry ice production, and 1215 
the elimination of heat pump cycle in the deep freezing and returned water cooling process, the carbon emission is 1216 
significantly reduced by ≈ 38.0% compared to the baseline case, and represents 13.8 kTPA.  1217 
 1218 
        Fig. 23d shows the exergy flows for usage of PCM as energy vector to support or assist in the cold applications. The 1219 
exergy flows are similar to that using liquid CO2 and chilled water as energy vectors, except that the cold exergy is now 1220 
distributed by the PCMs. The dependency on the natural gas chemical exergy input (≈ 7.8 MW) has further decreased 1221 
compared to that of liquid CO2/chilled water as energy vectors (≈ 8.0 MW). This is mainly due to the further reduction of 1222 
the compressor work in the air separation and dry ice production. This is due to the availability of lower temperature 1223 
intercooling between the compression stages because of the lower operating temperature of the PCMs. Large amounts of 1224 
exergy is destroyed in the thermal storage central plant where heat exchange between LNG and the PCMs occurs. However, 1225 
due to the need of using trucks for distribution of the PCMs, there is a small amount of exergy input from chemical exergy 1226 
of the fuel consumed by the trucks. The exergy flows and distribution in the cold applications are similar to the cold 1227 
applications using other energy vector input. The overall exergy efficiency is slightly lower compared to the baseline case, 1228 
due to the large amounts of LNG physical exergy input. The carbon emission is ≈ 14.0 kTPA, which is ≈ 1.5% higher than 1229 
the usage of liquid CO2/chilled water energy vector, mainly due to the use of diesel fuel for truck distribution of the PCMs.  1230 
 1231 
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        Fig. 23e shows the exergy flows for usage of liquid nitrogen as energy vector. Large amounts of electricity is involved 1232 
to drive the compressors in the air separation unit, thus the chemical exergy of the natural gas consumed by the baseline 1233 
combined cycle makes the major exergy input at 66.8% of the total exergy input (≈ 12 MW), resulting in exergy loss and 1234 
destruction in the baseline combined cycle at 33.6% of the total exergy input. Another major exergy input is the physical 1235 
exergy of LNG input to the air separation unit, at 30.1% of the total exergy input (≈ 5.4 MW). The large amount of 1236 
electricity and LNG physical exergy input to the air separation unit is due to the need for the air separation unit to produce 1237 
large amounts of liquid nitrogen as energy vector for the other cold applications alongside the required amount of liquid 1238 
nitrogen and liquid oxygen for the market requirement. Thus, the exergy destroyed and exergy loss in the waste streams 1239 
is large, at 41.2% of the total exergy input. For the subsequent cold applications (i.e. dry ice production, deep freezing and 1240 
returned water cooling process), the amount of exergy destruction is high compared to cold applications using other energy 1241 
vectors, largely due to the exergy destroyed since high-grade cold contained in the liquid nitrogen energy vector is not 1242 
utilized. Alongside the large amount of exergy loss and destruction in the baseline combined cycle and the air separation 1243 
process, the total exergy loss and destruction in the cold applications are 12.5% due to unutilized high-grade cold in the 1244 
liquid nitrogen, resulting in an overall exergy efficiency of ≈ 9.9%. Large amounts of carbon emission is mainly due to 1245 
the large amount of natural gas consumption to produce electricity for the air separation unit, and it is only ≈ 6.0% less 1246 
than that of the baseline combined cycle.   1247 

 1248 
Table 20 1249 
Amounts of overall exergy input and overall performance for the baseline case / LNG recovery approach to satisfy 1250 
demand of the cold applications 1251 

 Baseline LNG Thermal 
Cycle 

Thermal 
Network 

Thermal 
Storage LNG ASU 

SOURCE OF EXERGY INPUT (MW) 
NG Chemical Exergy, EC,NG  12.83 10.48 7.96 7.78 12.01 

LNG Physical Exergy, EP,LNG  0.00 2.39 7.77 7.50 5.40 
Diesel Exergy, Efuel 0.00 0.00 0.00 0.23 0.05 

PERFORMANCE PARAMETERS 
Exergy Efficiency (%) 13.02 13.17 10.04 11.08 9.9 

Carbon Emission (kTPA) 22.26 18.18 13.81 14.03 20.93 
 1252 

6. Conclusions 1253 
 1254 
In this paper, exergy and carbon emission for different cold applications coupled to different energy vectors as 1255 
main/assisting energy sources have been studied. It is demonstrated that with the introduction of these cold energy vectors 1256 
which are generated or charged by using LNG cold energy, various cold applications can be modified and become more 1257 
efficient and cleaner compared to their conventional setup, mainly by reducing the cold applications dependency on the 1258 
electricity. For usage of energy vectors such as liquid CO2/chilled water and PCMs as energy input to assist the air 1259 
separation and dry ice production, the increased intercooling reduces the amount of compressor work required. These 1260 
energy vectors can also act as the main exergy input to the lower grade cold applications by replacing heat pump cycles 1261 
with simpler heat exchange processes. For usage of liquid nitrogen as the main energy input to the cold applications, its 1262 
mechanical energy can be used to drive the compressors for the medium-high grade cold applications such as dry ice 1263 
production; or used to drive a single heat pump cycle for a lower-grade cold applications, while providing cold at the same 1264 
time, thus totally eliminating the electricity input to these cold applications.  1265 
 1266 
The following main results have been obtained when the cold applications are modelled as stand-alone cases:  1267 

• For an air separation unit producing liquid nitrogen and liquid oxygen, the LNG-assisted air separation unit, which 1268 
uses cold energy from LNG directly as the main energy source, is the cleanest and most exergy efficient solution.  1269 
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• Dry ice production utilizing PCMs has the highest efficiency and lowest carbon emission due to significantly 1270 
reduced compression work required. Compared to the conventional setup coupled to the baseline combined cycle, 1271 
the overall exergy efficiency is increased by ≈ 2.7%, with a reduced carbon emission of ≈ 76%.  1272 

• Deep freezing utilizing electricity has high exergy efficiency but high carbon emission as well. The cleanest energy 1273 
source for deep freezing is liquid CO2 or PCM as energy vector which yields negligible carbon emissions.  1274 

• District cooling system has similar performance as the deep freezing process, where electricity as energy vector 1275 
input yields the highest exergy efficiency, while utilizing liquid CO2 or PCM as energy vector gives almost no 1276 
carbon emission.  1277 

 1278 
When the considered cold applications are grouped as a cluster, and the individual energy vectors are used to support all 1279 
the cold applications at the same time, it is discovered that using energy vectors generated from a thermal network (i.e. 1280 
liquid CO2 and chilled water) and a thermal storage system (PCMs) as main/assistive energy input source to the cold 1281 
applications cluster gives the cleanest overall process. The carbon emission is reduced by ≈ 38% for the liquid CO2/chilled 1282 
water combination as energy vector and reduced by ≈ 37% for the PCMs as energy vector, when compared to the baseline 1283 
case. However, for these two energy vectors the exergy efficiency does not look attractive due to the large amount of 1284 
exergy input from cold of LNG during the regasification process, which is considered as wasted if not utilized. The usage 1285 
of liquid nitrogen as energy vector demonstrated a high flexibility when coupled to different cold applications due to its 1286 
ability to generate mechanical energy and cold energy at the same time. However, due to large amounts of compressor 1287 
work input in the LNG assisted air separation unit, this cold energy vector yields the highest carbon emission amongst all 1288 
the energy vector produced by the LNG cold recovery approach, which is only a ≈ 6% improvement compared to the 1289 
baseline energy vector.  1290 
 1291 
 1292 
Appendix A.1 Calculation of thermal and friction loss in a pipeline 1293 
        1294 

        Pipeline energy losses can be divided into two types: thermal and friction loss. Thermal loss can be deduced by using 1295 
the formula below:  1296 

𝑊RHbb,./,defR =
∆𝑇
𝑅Hi

 

 

(10) 

where ∆𝑇 represents the temperature difference between the working fluid and the environment and 𝑅Hi  represents the 1297 
overall thermal resistance which can be deduced using the following formula:  1298 

𝑅Hi = 𝑅jH0i,E0 + 𝑅jH0k,lEl, + 𝑅jH0k,E0b + 𝑅jH0i,HI.  (11) 

where  1299 
𝑅jH0i,E0 is the convection resistance between working fluid and pipe 1300 
𝑅jH0k,lEl, is the conduction resistance of pipeline material 1301 
𝑅jH0k,E0b is the conduction resistance of pipeline insulation 1302 
𝑅jH0i,HI.  is the convection resistance between pipe and the ambient environment 1303 
         1304 

        Each resistance can be deduced using the following formula:  1305 

𝑅jH0i = 1
𝐻𝐴o   (12) 

𝑅jH0k =
ln 𝐷HI.,d 𝐷E00,do

2𝜋𝑘𝐿
 

 

(13) 
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where H represents the convective heat transfer coefficient, A represents the surface area for heat transfer, D represents 1306 
the diameter of the pipe, k represents the thermal conductivity of pipeline material or insulation and L represents the length 1307 
of the pipe.  1308 
        For insulation material with very small thermal conductivity, it is expected that  𝑅jH0k,E0b dominates compared to 1309 
other resistance terms and thus, we can simplify Equation (11) into 1310 

𝑅Hi ≈ 𝑅jH0k,E0b (14) 
 1311 
        The friction loss is calculated by using the following formula:  1312 

𝑊RHbb,QdEj.EH0 =
𝑓𝐿𝜌𝑣z

2𝐷
 

(15) 

 1313 
where f is the friction factor that is obtained with information on a fluid flow’s Reynold’s number and pipe roughness 1314 
value, L is the length of the pipe, 𝜌 represents the working fluid density, v represents the velocity of working fluid and D 1315 
represents the inner diameter of the pipe.  1316 
 1317 
 1318 
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