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Abstract  

Liquefied natural gas (LNG) cold utilization in small scale regasification 

stations is a novel topic in the industry, while such systems have been proven 

feasible in large scale LNG facilities. Cold recovery and utilization in LNG 

regasification facilities would increase the thermodynamic efficiency and 

reduce cold pollution. The aim of the study is to analyze the possibility to 

apply industry-proven thermodynamic cycles in small scale satellite 

regasification stations for electricity production, taking the characteristics of a 

real-world regasification station project in Druskininkai, Lithuania for which 

useful cold utilization is not currently planned. 

Direct Expansion (DE) and Rankine (ORC) Cycles are analyzed together with 

cascading using Aspen Hysys software to find the optimal solution considering 

thermal and exergy efficiency as well as the payback period. 

Thermoeconomically feasible retrofit solutions of approximately 13% thermal 

efficiency and approximately 17% exergy efficiency showing payback periods 

of 5 to 10 years and 3.3 to 6 thousand euro additional capital expenditure 

(CAPEX) per net kW of power production are found. 

Increase in complexity of thermodynamic cycles is directly proportional to 

both increased thermodynamic efficiencies and capital costs and the study 

proves that there is a limit at which increase in thermodynamic efficiency of a 

cycle by cascading becomes economically infeasible. Future work is suggested 

to improve the accuracy of the results by rigorous design to evaluate pressure 

drops as well as improvements in economic analysis by utilizing the 

discounted cash flow methodology. Sensitivity analysis of LNG physical and 

chemical conditions as well as ambient air could be performed whereas 

changes in working fluid and better engineering of the part related to intial 

heat exchange could improve thermodynamic efficiencies. Alternative 

solutions with a higher temperature heat source are also suggested. 

 

Keywords: LNG, exergy, thermodynamics, economics, 

thermoeconomic analysis, small scale, satellite, regasification 
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Nomenclature 

e mass exergy [ kW / kg ] 

T temperature [ K ] 

p pressure [ bar ] 

h mass enthalpy [ kJ / kg] 

s mass entropy [ kJ / kg ∙ K ] 

E exergy [ kW ] 

Ex physical exergy added (kW) 

m mass flow rate [ kg / s ] 

Q heat transfer rate [ kW ] 

W power [ kW ] 

I irreversibility loss [ kW ] 

𝜼 or Eff efficiency [ % ] 

∑ sum of all the set of given variable 

Subscripts and superscripts 

th thermal 

0 at ambient conditions 

p pressure 

ph physical 

net total output of specified variable without the total input of given variable 

out output 

in input 

added net quantity added to the system 

initial at input to system conditions 

final at output from system conditions 

c hardware component (e.g. heat exchanger, pump, etc.) 

e exergetic 

heater hardware which inputs heat to the system (e.g. vaporizer) 

tot total 

Abbreviations 

LNG liquefied natural gas, NG natural gas 

AAV ambient air vaporizer 

HEX heat exchanger 

CAPEX capital expenditure 

DE Direct Expansion Cycle 

ORC Organic Rankine Cycle 

CRC Cascade Rankine Cycle 
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1 Introduction 

1.1 Background 

Liquefied Natural Gas (LNG) is natural gas that has been cooled to a liquid state, at 

about 111.15 K (- 162 °C), for shipping and storage while the volume of LNG is 

approximately 580 times lower when compared to natural gas at ambient 

temperature [11]. Liquefaction is a highly energy intensive process and consumes 

about 10 – 15 % of total energy spent for LNG production, which equates to 

approximately 850 kWh/ton LNG [3] [4] [5]. To meet the prescribed temperature 

and pressure requirements of transmission, distribution systems and end users, LNG 

needs to be regasified as an effect producing recoverable low temperature and 

pressure exergy. 

Nowadays the LNG utilization sector has expanded to small scale applications. LNG 

is provided by trucks and small LNG carriers to regions without access to natural gas 

transmission pipelines for regional as well as municipal heat and electricity 

production, household and industrial needs. Some noTable European locations 

actively using LNG at small scale facilities are Druskininkai in Lithuania, North-

Eastern Poland, Central Sweden [11]. Many more locations are substituting 

conventional fuels with LNG due to much lower pollution- switching to LNG from 

oil means complete removal of SOx and volatile particles, NOx emissions are 

reduced by up to 85 % and CO2 emissions reduction is more than 20 % [11]. 

Considering the case study of Druskininkai, the municipality is not connected to the 

national transmission system [14]. Being close to the border, it only had access to a 

pipeline from Belarus and a single supplier with no alternatives [14]. Due to the 

monopoly of the supplier and no economies of scale, Druskininkai on average had 

significantly higher natural gas costs than the rest of Lithuania [15]. For 2016 the 

natural gas price offered by the supplier was among the highest in the World, so the 

municipality began looking for solutions on how to tackle this issue, it became of 

national importance as well when the Minister of Energy issued a decree No. 1-150 

of 2016 April 29 providing an action plan to ensure Druskininkai with competitive 

and uninterruptible gas supply [15]. Building a small scale LNG regasification facility 

was selected as the most optimal solution. A temporary solution was installed in 

Autumn of 2017 by an Estonian company JetGas to supply the existing 2674 private 

and 9 business clients [14]. The long term technical solution has been approved and 

is being established by the Lithuanian energy distribution operator ESO with the 

capacity of 30 thousand tons of LNG supply per year. It is currently being built with 

the planned beginning of operation in 2020 Q2 [11]. The long term technical 

solution selected does not implement energy recovery from the low temperature of 

LNG and this study analyzes whether such recovery could be feasible. 
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1.2 Literature review 

There is up to 240 kWh recoverable energy per ton of LNG during regasification, 

which causes cold pollution as a side effect if wasted by dumping it to the 

surroundings [2] [4] [5]. Both in scientific research and existing applications, power 

generation has been the preferred method to harness the LNG low temperature 

energy potential both due to significant electricity demand of the LNG regasification 

facilities and because efficient thermodynamic cycles providing additional generated 

electricity work are possible to establish for increased overall efficiency of the 

facility [10] [12]. Because the regasification load in small scale applications often 

fluctuates due to unsTable demand, LNG physical exergy use cases for refrigeration 

and other applications with the requirement of constant energy input are not 

feasible. Most studies agree that various Rankine (ORC) and Direct Expansion (DE) 

cycle implementations with propane as working fluid provide the most efficient way 

of utilizing physical exergy at cryogenic temperatures with a low temperature heat 

source, where Direct Expansion is more important for the pressure component 

whereas the Rankine Cycle is more important for the temperature component 

recovery for power production [3] [7] [10] [12]. Rankine Cycle and Direct 

Expansion applications have been put into use in industrial applications for LNG 

physical exergy recovery, some mentionable examples being Osaka Gas facilities as 

well as the Senboku Daini cryogenic power station in Japan [7] [12]. Cascading of 

the cycles provides a thermodynamically attractive solution to increase the system 

efficiencies and increase power production with a general agreement that net power 

output, thermal efficiency and exergy efficiency increase as the number of stages 

increases [6] [7] [13]. 
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Recent studies show that over 90 % of the LNG regasification systems operate 

without any combined system of physical exergy recovery, meaning all of the energy 

spent for liquefaction is wasted [8]. Although there are many possible applications of 

thermal energy from low temperature (electricity production, cold warehouses, air 

separation, comminution of rubber, CO2 liquefaction, etc.), only Japan and China 

have shown mentionable advances of cold energy utilization from LNG 

regasification and only at large scale applications [9]. LNG low temperature exergy 

utilization from small scale LNG regasification processes are strongly suggested in 

recent studies [10] [11] for future work because not much attention has been put to 

the topic despite the fact that this market is expanding. None of the studies reviewed 

suggest an economic comparison of different cycle implementations and focus on 

increases in thermodynamic efficiencies, while techno-economic evaluation is 

suggested for future work [3]. There is a lack of analysis in the studies on the 

negative thermodynamic effects on increased cycle complexity aside from difficulty 

of construction and operation. This study will address the issues by analyzing exergy 

recovery solutions in a small scale LNG regasification context and performing a 

techno-economic analysis of the subject while noting the negative thermodynamic 

effects of increased cycle complexity as well. 

 

1.3 Aims 

The aim of this study is to analyze the possible physical exergy recovery solutions for 

electricity production at a small scale LNG regasification station with a case study of 

Druskininkai in Lithuania. The objectives are to select industrially proven 

thermodynamic solutions to analyze, as well as to select complexity variations of the 

cycles, to identify the essential thermodynamic and economic variables for analysis 

and to find the most optimal solution from a technical, thermodynamic and 

economic standpoint. 
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1.4 Approach 

To find a convenient solution to implement in a real-world scenario, only existing 

and tested cycles are analyzed in this study. Direct Expansion and Rankine Cycle as 

well as their combinations have been proven as possible and most efficient solutions 

for real world applications with low temperature heat sources [10] [12] [13]. The 

utilization efficiency of cold energy is improved with cascade applications i.e. 

several utilization patterns used jointly in order to use the different levels of cold 

energy as a larger part of both the thermal (temperature) and mechanical (pressure) 

components of physical exergy can be exploited, nevertheless the complexity of a 

cycle is directly related to increased system costs, thus the thermo-economic 

analysis will be performed by initially starting with simple thermodynamic cycles 

and increasing their complexity incrementally by assessing the cost-benefit of each 

augmentation. The goal is to find the optimal solution from the cost-benefit 

viewpoint for application in a real world scenario. Even higher efficiency gains are 

possible by utilizing the gas, Brayton and Kalina cycles, but the solutions discussed in 

recent studies [10][13], require a medium to high temperature heat source such as 

exhaust gas or pre-heated water, which are not available for the scenario analyzed. 

Exergy analysis is adopted in addition to energy analysis as it provides a more 

accurate representation in terms of conversion [3]. Exergy analysis combines the 

first and second laws of thermodynamics and is a powerful tool for analyzing both 

the quantity and quality of energy utilization. Aspen Hysys process simulator is used 

for thermodynamic calculations according to substance parameters and the Peng-

Robinson equation of state is used to calculate the thermodynamic states of the 

process streams [2]. Ambient air vaporizers is the more popular solution in small 

scale applications when compared to open rack vaporizers using sea water both due 

to the fact that small scale LNG regasification facilities are often inland, away from 

free sea water as well as to avoid water pumping costs [2] [3].  The Aspen Activated 

Economics tool is used for preliminary cost estimations of the model augmentations 

and to gather capital costs for the payback period estimation. 
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2 Theory 

Exergy (also known as available energy) is the maximum useful work which can be 

extracted from a system as it reversibly comes into equilibrium with its environment 

i.e. according to the dead state condition [1]. The exergy stream consists of 

chemical, physical, kinetic and potential exergy terms [10]. The kinetic and 

potential exergy terms are neglected due to their values being close to zero, while 

chemical exergy is only relevant for the combustion process. Only physical exergy 

consisting of the thermal and pressure components is relevant for current analysis of 

potential useful work from the thermal non-equilibrium between the LNG and the 

environment. The thermal exergy component is calculated as an isobaric process, 

whereas the pressure component is calculated as an isothermal process. Exergy 

based thermodynamic analysis is favorable to energy analysis for cold utilization 

systems since it employs the second law of thermodynamics to not merely evaluate 

the quantity of energy, but also to evaluate the quality of energy, more specifically, 

the degradation of energy during a process, the entropy generation and the lost 

work potential as well [1].  

The exergy method can also predict the distribution, source, magnitude of 

irreversible losses in energy systems and hence provide guidelines for efficient 

energy usage and thoroughly evaluate room for improvement. As this analysis deals 

with thermal energy to electricity conversion (viz. low-grade energy to high grade 

energy), only the exergy component of energy (i.e. reversible work) is relevant as it 

represents the maximum potential of existing energy conversion to high grade 

energy. The irreversible work (i.e. exergy destroyed) due to friction, mixing, 

chemical reactions, heat transfer through a finite temperature difference, 

unrestrained expansion, nonquasiequilibrium compression or expansion which 

always generate entropy and can in part be utilized for heating is not useful for the 

scenario of this study, thus minimizing this component is preferred. 

Thermal mass exergy (eth) is the physical mass exergy component indicating the 

maximum useful work which can be extracted from a system as it reversibly comes 

into thermal equilibrium with its environment per mass unit and is expressed as:  

𝑒𝑡ℎ = 𝑒(𝑇, 𝑝) − 𝑒(𝑇0, 𝑝) [KW/KG]                             ( 1 ) 

Where e is the mass exergy [kW/kg], T is the temperature [K], p is the pressure 

[bar] and 0 defines ambient conditions. 

Pressure mass exergy (ep) is the physical exergy component indicating the maximum 

useful work which can be extracted from a system as it reversibly comes into 

pressure equilibrium with its environment per mass unit and is expressed as: 

𝑒𝑝 = 𝑒(𝑇0, 𝑝) − 𝑒(𝑇0, 𝑝0) [KW/KG]                         ( 2 ) 
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Where e is the mass exergy [kW/kg], T is the temperature [K], p is the pressure 

[bar] and 0 defines ambient conditions. 

Physical mass exergy (eph) is the maximum useful work which can be extracted from 

a system as it reversibly comes into physical equilibrium with its environment per 

mass unit and is expressed as: 

𝑒𝑝ℎ = 𝑒𝑡ℎ +  𝑒𝑝 [KW/KG]                                      ( 3 ) 

Where eth and ep are expressed in formulas (1) and (2) respectively. 

Physical mass exergy (eph) is defined in formula (3) and is expressed as: 

𝑒𝑝ℎ = ℎ − ℎ0 − 𝑇0 ∙ (𝑠 −  𝑠0) [KW/KG]                                ( 4 ) 

Where h is mass enthalpy [kJ/kg], T is temperature [K] and s is mass entropy 

[kJ/kg∙K] and 0 defines ambient conditions. 

Physical exergy (Eph) is the maximum useful work which can be extracted from a 

system as it reversibly comes into physical equilibrium with its environment and is 

expressed as: 

𝐸𝑝ℎ = 𝑚 ∙ 𝑒𝑝ℎ [KW]                                                     ( 5 ) 

Where m is mass flow rate [kg/s] and eph is physical mass exergy as defined in 

formula (3). 

Net power (Wnet) is the power produced by a thermodynamic cycle net of the 

power input and it is expressed as: 

𝑊𝑛𝑒𝑡 = 𝑊𝑜𝑢𝑡 − 𝑊𝑖𝑛 [KW]                                      ( 6 ) 

Where Wout is output power [kW] and Win is input power [kW]. 

Physical exergy added (Ex) is the physical exergy of an input stream which is added 

to the system net of the exergy which leaves the system as output stream and is 

expressed as: 

𝐸𝑥 = 𝐸𝑖𝑛,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑝ℎ

− 𝐸𝑜𝑢𝑡,𝑓𝑖𝑛𝑎𝑙
𝑝ℎ

 [KW]                               ( 7 ) 

Where Eph
in,initial is the physical exergy input at input of stream to the system [kW] 

and Eph
out,final is the physical exergy output of the same stream at output of stream 

from the system [kW]. 

Irreversibility loss of a hardware component (Ic) is the irreversible work (i.e. exergy 

destroyed) due to friction, mixing, chemical reactions, heat transfer through a finite 

temperature difference, unrestrained expansion, nonquasiequilibrium compression 

or expansion and is expressed as: 

𝐼𝐶 = 𝐸𝑐,𝑖𝑛
𝑝ℎ

− 𝐸𝑐,𝑜𝑢𝑡
𝑝ℎ

+ 𝑊𝑐,𝑖𝑛 − 𝑊𝑐,𝑜𝑢𝑡 [KW]                      ( 8 ) 

Where Eph
c,in is the physical exergy input to a component [kW] and Eph

c,out is the 

physical exergy output from the same component [kW] and Wc,in is the power input 

to a component [kW] whereas Wc,out is the power output from the same component 

[kW]. 
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Exergy efficiency (ηe) is the effectiveness of a system relative to its performance in 

reversible conditions and is expressed as: 

𝜂𝑒 =
𝑊𝑛𝑒𝑡

∑ 𝐸𝑥
                                                        ( 9 ) 

Where Wnet is net power as expressed in equation (6) and ∑ 𝐸𝑎𝑑𝑑𝑒𝑑
𝑝ℎ

 is the sum of the 

physical exergy added as expressed in equation (7) of all the open-looped streams. 

Thermal efficiency is the fraction of the heat input that is converted to net work 

output and is a measure of the performance of a heat engine. As only part of the heat 

transferred to the cycle is converted to work, it is a good tool to estimate energy 

efficiency of the system. The higher the thermal efficiency, the more heat input is 

converted to high grade energy. The first law efficiency is appropriate for initial 

judgement of the selected thermodynamic cycle, but second law efficiency is 

necessary to analyze possible cycle improvements at hardware component level. 

Heat transfer rate of a component (Qc) is the amount of heat that is transferred per 

unit of time through the component and is expressed as: 

𝑄𝑐 = 𝑚 ∙ (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡) [KW]                                    ( 10 ) 

Where m is mass flow rate [kg/s], hin is mass enthalpy input to the component 

[kJ/kg] and hout is the mass enthalpy output from the component [kJ/kg]. 

Thermal efficiency (ηth) is the efficiency of a system measured by the ratio of the 

work done by it to the heat supplied to it and is expressed as: 

𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡

∑ 𝑄𝑐,ℎ𝑒𝑎𝑡𝑒𝑟
                                                      ( 11 ) 

Where Wnet is net power as expressed in equation (6) and ∑ 𝑄𝑐,ℎ𝑒𝑎𝑡𝑒𝑟  is the sum of 

the heat transfer rates as expressed in equation (10) of all the hardware components 

which input heat to the system. 

Payback period is the length of time it takes to recover the cost of an investment in 

terms of profits or savings. The shorter the payback period, the more desirable an 

investment is. It is a good tool for a quick initial judgement about a potential 

investment. For a more detailed analysis of an investment, time value analysis should 

be used later on (such as Discounted Cash Flow, Net Present Value and Internal 

Rate of Return). 

The payback period is the time to recover the cost of an investment in terms of 

savings and is expressed as: 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =  
𝐶𝐴𝑃𝐸𝑋

𝑠𝑎𝑣𝑖𝑛𝑔𝑠
 [years]                            ( 12 ) 

Where CAPEX is the total capital cost of the system [EUR] and savings is the 

monetary value of the net electricity produced by the system [EUR/year]. 
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Propane is selected as the working fluid in the Rankine Cycles of this analysis due to 

the very low boiling point and vapor expansion at very low temperature as 

presented in Table 2-1, thus cold energy generated during LNG vaporization used 

to condense propane turbine exhaust can expand propane vapor to a low 

temperature. Propane is most often the selected working fluid for LNG Organic 

Rankine Cycles in industrial applications [7] and is most often found as the optimal 

selection in recent Research of Rankine Cycle use for LNG exergy recovery [10]. 

Table 2-1. Physical characteristics of propane as intermediate fluid in the 

Rankine Cycle applications analyzed. 

Characteristics of Propane 

Working 
fluid 

Boiling 
temperatur
e 

Triple point 
temperature 

Enthalpy of 
vaporization 

Critical 
point 

Molecula
r weight 

  K K kJ/mol K bar   

R290 
(Propane 
- C3H8) 231.1 85 

18.77 at 231.04 
K 369.9 42.5 44.1 
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3 Methods 

3.1 Procedure and numerical methods 

The component list of each material stream for thermodynamic simulations is 

selected in Aspen Hysys v10.1. Components for LNG and their compositions are 

selected according to the data presented in Druskininkai case study [11], whereas 

components and compositions for air and propane are stock suggestions of the 

software.  

The fluid package or the thermodynamic method the software uses to calculate 

properties, including vapour-liquid equilibria is the same for all the material 

streams. It is the Peng-Robinson package with the regular options presented in 

Figure 3-1. 

 
Figure 3-1. Selected options for the Peng-Robinson equation of state 

Thermodynamic cycles are drawn in the Aspen Hysys v10.1 simulation environment 

with automatic error checking for convergence and result presentation. 

For each optimized cycle, the Aspen Hysys v10.1 Activated Economics tool is used 

to calculate the capital costs of each component of the cycle. 

MS Excel 2019 is used for further calculations using the thermodynamic and 

economic data from Aspen Hysys. Calculations for physical exergy are according to 

formulas (4) and (5), calculations for heat transfer rates of components are 

according to formula (10), calculations for thermal efficiency are according to 

formula (11), calculations for net power output are according to formula (6), 

calculations for the physical exergy added are according to formula (7), calculations 

for the irreversibility loss of a hardware component are according to formula (8), 

calculations for the exergy efficiency are according to formula (9), payback period 

calculations are according to formula (12). 
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3.2 Assumptions for calculations 

The flow is steady and state of working fluid at each location within the system does 

not change with time.  All components are well insulated. Pressure drop and heat 

loss in pipe lines are neglected. Exergy flowrate losses in pumps and expanders are 

based on the adiabatic and isentropic coefficients. The initial specifications of the 

Druskininkai case are presented in Table 3-1 and the simplified diagram of the 

system is provided in Figure 3-2. The characteristics of the material streams of the 

cycles at ambient conditions are presented in Table 3-2. 

Table 3-1. The technical specifications required by the regasification station 

project in Druskininkai [11]. 

Initial specifications of Druskininkai case 

LNG composition Methane 92.2, Ethane 5.5, Propane 1.5, 

i-Butane 0.3, n-Butane 0.2, Nitrogen 

0.3 %mol 

LNG temperature 123.15 K (-150 oC) 

LNG flow rate 3,375 kg/h (0.9375 kg/s)   

Working pressure in LNG tanks 7 bar 

Minimal natural gas temperature 

at inlet to distribution system 

277.15 K (+4 oC) 

Minimal natural gas pressure at 

inlet to distribution system 

3 bar(g) 

Ambient temperature 293.15 K (+20 oC) 

Ambient pressure 1.01325 bar 

Electricity generator efficiency 100% 

Liquid and phase change stream 

heat exchanger pressure drop 

0.5 bar 

Gas stream heat exchanger 

pressure drop 

0.2 bar 

Isentropic efficiency of expanders  75 % 

Adiabatic efficiency of pumps 75 % 

Min pinch point ΔT between heat 

source and material stream output 

5 K (5 oC) 
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in HEX 

Figure 3-2. Simplified schematic process of the Druskininkai case 

Table 3-2. The characteristics of the material streams of the cycles at ambient 

conditions. 

Ambient conditions of material streams 

  NG ambient Propane ambient Air ambient 

Temperature (K) 293.1500 293.1500 293.1500 

Pressure (bar) 1.0132 1.0132 1.0132 

Mass Enthalpy (kJ/kg) -4355.6207 -2367.0091 -5.2412 

Mass Entropy (kJ/kg∙K) 10.6248 3.6371 4.0653 

Vapour Fraction 1.0000 1.0000 1.0000 
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4 Results 

4.1 Cycle drawing and optimization results 

The initial cycle analyzed provided in Figure 4-1 is a Direct Expansion Cycle where 

LNG (stream 1) enters the ambient air vaporizer (AAV1) and is heated by ambient 

air (stream A). There is a state change in the vaporizer from liquid to vapor and the 

output stream from the vaporizer (stream 2) is natural gas. The natural gas enters an 

expander (Turbine1), which produces electricity (stream W) by a pressure drop 

which in turn creates a further natural gas stream (stream 3). The natural gas is 

further supplied to an additional ambient air vaporizer (AAV2) which is heated by 

ambient air (stream C) for the natural gas to reach the required conditions for 

output to the distribution system (stream 4). 

The data of all the material and energy streams of an optimized Direct Expansion 

Cycle is provided in Appendix B. The optimization is performed by heating the 

natural gas in AAV1 to the required temperature for the supply to the gas 

distribution system as specified in Table 3-1. The pressure drop in Turbine1 is 

maximized considering the constraints of pressure requirements for the supply to 

the natural gas distribution system and the maximum possible pressure drop in 

AAV2. AAV2 heats the natural gas to the minimal required natural gas temperature 

at inlet to distribution system as specified in Table 3-1. 

Figure 4-1. Direct Expansion Cycle (DE) 



 

13 

 
 

The Direct Expansion Cycle of Figure 4-1 is augmented with an addition of a 

Rankine Cycle as shown in Figure 4-2. The AAV1 from the Direct Expansion Cycle 

is replaced with a heat exchanger (HEX1) therefore part of the LNG thermal exergy 

is harnessed for power production instead of non-utilized air cooling. Propane in 

liquid state exits the heat exchanger at ambient pressure (stream 5) and enters 

Pump1 which utilizes electricity input (stream Q) to increase the pressure of 

propane to a level so that when it reaches the expander (Turbine2) it is at required 

pressure as stated for stream 7. After exiting the pump, propane enters the ambient 

air vaporizer (AAV3) where there is a state change from liquid to vapour as an effect 

of ambient air heating (stream E). The temperature of stream 7 is set according to 

the Min ΔT limitation as stated in Table 3-1 and it enters the expander (Turbine2). 

The expander produces power (stream X) by a propane pressure drop to stream 8 

which enters the heat exchanger (HEX1) where it is cooled by LNG (stream 1) to 

liquefy. 

The data of all the material and energy streams of an optimized combined Direct 

Expansion and Rankine Cycle is provided in Appendix C. The optimization is 

performed by setting the highest possible temperature of stream 5 at which propane 

is still in liquid phase. The pressure of stream 7 is set to a maximum at which 

propane still remains in vapour phase. The highest mass flow rate of propane is 

which can still be handled by HEX1 according to the other constraints and 

conditions stated. 

 
Figure 4-2. Combined Direct Expansion and Rankine Cycle (DE + ORC) 
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The combined cycle of Figure 4-2 is supplemented with a cascading Rankine Cycle 

before AAV3 of the initial Rankine Cycle, as shown in Figure 4-3. By adding a 

cascading cycle for power production, additional LNG thermal exergy is harnessed 

for power production instead of non-utilized air cooling thus the load on AAV3 is 

reduced. Propane in liquid state exits the heat exchanger at optimized pressure and 

temperature (stream 10) and enters Pump2 which utilizes electricity input (stream 

R) to increase the pressure of propane to a level so that when it reaches the 

expander (Turbine3) it is at required pressure as stated for stream 12. After exiting 

the pump, propane enters the ambient air vaporizer (AAV4) where there is a state 

change from liquid to vapour as an effect of ambient air heating (stream G). The 

temperature of stream 12 is set according to the Min ΔT limitation as stated in Table 

3-1 and the pressure is set to a maximum at which stream still remains in vapour 

phase as it enters the expander (Turbine3). The expander produces power (stream 

Y) by a propane pressure drop to stream 13 which enters the heat exchanger 

(HEX2) where it is cooled by colder propane (stream 6) to liquefy. 

The data of all the material and energy streams of an optimized combined Direct 

Expansion and Cascade Rankine Cycle (CRC) is provided in Appendix D. As an 

additional stage is added to the initial Rankine Cycle, it should be noted that the 

optimal conditions of the first stage are not affected by the presence of the second 

stage, thus the optimization of the multiple stages can be separated into the 

optimization of the initial stage followed by the optimization of the second stage. As 

the initial Rankine Cycle is already optimized (Appendix C), the optimization of the 

second stage is performed by initially setting the temperature of stream 10 higher 

than the temperature of stream 6 and setting the pressure of stream 10 at the 

minimum value which keeps the liquid phase of the stream and a maximum mass 

flow handled by HEX2 is selected. Incremental adjustments are performed further 

on by increasing the pressure and increasing the temperature of stream 10 to remain 

in liquid phase as well as increasing the mass flow until the effect of such 

incremental changes is an increase in net power output of the cycle (stream Y minus 

stream R). Once the maximum net power output of the cycle is reached, the data of 

such scenario is fixed. As can be seen from the description, the optimization of an 

additional stage is not as straightforward as that of the initial stage due to the fact 

that the specific enthalpy difference, or the work per unit mass of the working fluid 

naturally decreases as the pressure of the additional heat exchanger (HEX2) output 

stream (stream 10) increases. However, the mass flow rate circulating through the 

additional turbine (Turbine3) increases as the pressure of the additional heat 

exchanger (HEX2) output stream (stream 10) increases. The limitation of these two 

constraints requires to find the optimal point for maximum power output from the 

turbine. Increase in pressure in ambient air vaporizers lead to higher exergy flowrate 
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losses and higher ∆p in a pump leads to higher exergy loss due to higher entropy 

increase. 

 

 
Figure 4-3. Combined Direct Expansion and Cascade Rankine Cycle (DE+CRC 

) 

Because of the large temperature range of LNG vaporization process, LNG cold 

energy utilization rate of the single-stage (HEX1) condensation process for a 

Rankine Cycle system is not maximized as the condensation process of working fluid 

is not well matched with the LNG vaporization process, which leaves potential for 

thermal efficiency increase. The combined series Rankine-cycle could improve the 

heat transfer characteristic between working fluid and LNG, however, which is at 

the cost of increasing the system independent loop, the complexity of the system 

and control difficulty remarkably. To reduce irreversibility loss in the AAV2 and 

improve the power generation system with LNG cold energy, without increasing 

system independent loop and control difficulty greatly, the paper proposes an 

additional Rankine Cycle through HEX3. 

The combined Direct Expansion and Cascade Rankine Cycle of Figure 4-3 is 

supplemented with a Rankine Cycle before AAV2 of the initial Direct Expansion 

Cycle, as shown in Figure 4-4. By adding a Rankine Cycle for power production in 

the process, additional LNG thermal exergy is harnessed for power production 

instead of non-utilized air cooling thus the load on AAV2 is reduced. Propane in 

liquid state exits the heat exchanger at optimized pressure and temperature (stream 

15) and enters Pump3 which utilizes electricity input (stream S) to increase the 

pressure of propane to a level so that when it reaches the expander (Turbine4) it is 

at required pressure as stated for stream 17. After exiting the pump, propane enters 
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the ambient air vaporizer (AAV5) where there is a state change from liquid to vapor 

as an effect of ambient air heating (stream I). The temperature of stream 17 is set 

according to the Min ΔT limitation as stated in Table 3-1 and the pressure is set to a 

maximum at which stream still remains in vapor phase as it enters the expander 

(Turbine4). The expander produces power (stream Z) by a propane pressure drop 

to stream 18 which enters the heat exchanger (HEX3) where it is cooled by colder 

natural gas (stream 3) to liquefy. 

The data of all the material and energy streams of an optimized combined Direct 

Expansion and Cascade Rankine Cycle with additional Rankine Cycle is provided in 

Appendix E. The optimization is performed by initially setting the temperature of 

stream 15 higher than the temperature of stream 3 and setting the pressure of 

stream 15 at the minimum value which keeps the liquid phase of the stream and a a 

maximum mass flow handled by HEX3 is selected. Incremental adjustments are 

performed further on by increasing the pressure and increasing the temperature to 

remain in liquid phase as well as increasing the mass flow until the effect of such 

incremental changes is an increase in net power output of the cycle (stream Z minus 

stream S). Once the maximum net power output of the cycle is reached, the data of 

such scenario is fixed. The logics of the optimization are the same as described for 

cycle of Figure 4-3 explained in the previous page. 

 
Figure 4-4. Combined Direct Expansion and Cascade Rankine Cycle with 

additional Rankine Cycle (DE +CRC + ORC) 
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The augmentations were performed by placing an electricity generating cycle at the 

location of the less complex cycle to reduce the load of the ambient air vaporizer 

with the highest irreversibility loss. As can be seen in Table 4-2, the highest 

irreversibility loss in the DE cycle is at AAV1, thus instead of AAV1, HEX1 is added 

in the DE+ORC cycle. In the DE+ORC cycle, the highest irreversibility loss is at 

AAV3, thus HEX2 is added before it in the DE+CRC cycle. In the DE+CRC cycle 

the highest irreversibility loss is at AAV2, thus HEX3 is added before it in the 

DE+CRC+ORC cycle. 

4.2 Thermodynamic analysis results 

The results of thermodynamic calculations for exergy of material streams according 

to formulas (4) and (5) are presented in Table 4-1 for all the cycles analyzed. A 

more detailed calculation for exergy results is provided in Appendix F. 

Table 4-1. Exergy calculation results for the optimized cycles presented in 

Figures 4-1 to 4-4. 

Exergy calculation results (kW) 

 Stream DE  DE+ORC DE+CRC DE+CRC+ORC 

1 843.3267 843.3267 843.3267 843.3267 

2 241.015 249.9042 249.9042 249.9042 

3 188.9516 202.8031 202.8031 207.2643 

4 178.4296 178.4296 178.4296 189.6466 

5   193.1112 193.1112 178.4296 

6   195.2744 194.8259 193.1112 

7   154.8443 174.1197 194.8259 

8   43.44481 154.8443 174.1197 

9     43.44481 154.8443 

10     29.88029 43.4448 

11     29.98788 29.8803 

12     26.3134 29.9879 

13     16.7024 26.3134 

14       16.7024 

15       14.9760 

16       15.0679 

17       13.1567 

18       7.8469 

A 0       

B 3.5787       

C 0 0.0000 0.0000 0.0000 

D 0.194222 0.4944 0.4944 0.2203 

E   0.0000 0.0000 0.0000 

F   3.6214 3.1071 3.1071 

G     0.0000 0.0000 

H     0.5451 0.5451 
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I       0.0000 

J       0.2754 

 

The results of the thermodynamic analysis are presented in Table 4-2. Heat transfer 

rate (Q) is calculated according to formula (10). Power (W) is provided in 

appendixes B to E. Thermal efficiency (Eff_th) is calculated according to formula 

(11). Physical exergy added (Ex) is calculated according to formula (7). Exergy 

efficiency (Eff_E) is calculated according to formula (9). Irreversibility losses of the 

equipment (I) are calculated according to formula (8).  A more detailed Table of the 

thermodynamic calculation results is provided in Appendix A. 

Table 4-2. Results of the thermodynamic analysis to find efficiencies and 

irreversible losses. 

Results of the thermodynamic analysis 

 
DE DE + ORC DE + CRC DE + CRC + ORC 

Q_tot 789.45 861.18 867.63 867.90 

W_net 37.46 109.00 115.54 115.85 

Eff_th 4.75% 12.66% 13.32% 13.35% 

Ex_Tot 661.12 660.78 660.75 660.75 

Eff_E 5.67% 16.50% 17.49% 17.53% 

 
        

I_AAV1 598.73       

I_HEX1   443.76 443.76 443.76 

I_Turbine1 14.60 14.62 14.62 13.48 

I_HEX3       10.49 

I_AAV2 10.33 23.88 23.88 11.00 

I_Pump1   0.11 0.73 0.73 

I_Hex2     7.53 7.53 

I_AAV3   36.81 16.17 16.17 

I_Turbine2   32.61 32.61 32.61 

I_Pump2     0.19 0.19 

I_AAV4     3.13 3.13 

I_Turbine3     2.59 2.59 

I_Pump3       0.06 

I_AAV5       1.64 

I_Turbine4       1.52 
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4.3 Thermo-economic results 

The results of the economic analysis are presented in Table 4-3. Capital expenditure 

(CAPEX) of the equipment including installation costs are calculated in Aspen Hysys 

v10.1 Activated Economics tool. The cost of electricity is the average electricity 

cost for commercial users in Lithuania in 2018 according to Eurostat. Net electricity 

output per year is calculated by multiplying Wnet of a cycle by 8760 assuming that 

electricity is produced uninterruptedly throughout the year. Savings are calculated 

as NET electricity output multiplied by electricity cost. The payback period is 

calculated according to formula (12). “Payback period as addition to existing 

system” is the payback period assuming the quantity of total CAPEX of the DE cycle 

can be removed from the calculation as a regasification station analyzed would have 

to contain similar equipment for the regasification process even without physical 

exergy recovery and electricity production. A more detailed Table of the economic 

analysis results is presented in appendix G. 

Table 4-3. Results of the economic analysis of the cycles presented in Figures 

4-1 to 4-4. 

Results of the economic analysis 

 

DE DE + ORC DE + CRC DE + CRC + ORC 
Total 
CAPEX 
(EUR)           352,980               709,740  

             
1,041,030                1,386,630  

Savings 
(EUR/year) 22970.47 66837.57 70848.33 71041.37 
Payback 
period 
(years) 15.37 10.62 14.69 19.52 

Payback 
period as 
addition 
to existing 
system 
(years) 

                      -                        5.34  
                       

9.71  
                       14.55  

 

As illustrated in Figure 4-6, each augmentation of the electricity production cycle 

increases both the energy and exergy efficiency as a larger part of the physical exergy 

is transformed into high grade energy. The economic variations with cycle changes 

are presented in both Figure 4-5 and Figure 4-6. 
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Figure 4-5. Total CAPEX and additional CAPEX to regasification equipment 

for each net kW capacity (EUR) 

 
Figure 4-6. Efficiency and payback period change with increase in cycle 

complexity 

The most significant gain is by adding a Rankine Cycle (DE+ORC) to the Direct 

Expansion Cycle (DE). Such augmentation improves the energy efficiency 166.53% 

and the exergy efficiency is improved 191.01%, net power output is increased 

190.98%. Such a huge gain is due to the fact that the DE cycle only harnesses the 

pressure exergy component which is much less significant in this low pressure 

system than the thermal exergy component. When pressure in the stream is below 

18 bar, thermal exergy is higher than pressure exergy [6]. In the DE+ORC cycle the 

thermal exergy component is added to the power production and that causes a 

major increase in efficiency. As can be seen from Figure 4-5, the cost per net kW 

produced drops by 30.9% when moving from the DE to DE+ORC cycle. 
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Further augmentations of the cycle cause a much lower effect on the energy and 

exergy efficiencies. When increasing the complexity of the cycle from DE+ORC to 

DE+CRC, the energy or thermal efficiency is increased 5.21% whereas the exergy 

efficiency is increased 6% when compared to the less complex cycle. The DE+CRC 

cycle requires technical components for a whole additional cycle for cascading, thus 

the CAPEX is 46.68% higher than the DE+ORC cycle. Although the load on AAV3 

drops and a smaller cheaper solution is possible for the vaporizer, the additional 

costs of HEX2, Pump2, AAV4 and Turbine3 significantly outweigh the savings. The 

additional power output of 6% from the cascading cycle does not provide a 

sufficient additional income to cover the additional costs and as it can be seen from 

Figure 4-5, the CAPEX per each net kW output increases 38.38%. When compared 

to the initial DE cycle, the payback period of DE+CRC is lower, but as most of the 

DE capex is already covered by the regasification system without electricity 

production and the cost of the DE+ORC system is significantly lower, the 

additional cost of DE+CRC is not feasible, even though the thermodynamic 

efficiencies are higher than both of the simpler cycles. 

When increasing the complexity of the cycle from DE+CRC to DE+CRC+ORC, 

the energy or thermal efficiency as well as the exergy efficiency are increased 

negligibly when compared to the less complex cycle. The DE+CRC+ORC cycle 

requires technical components for a whole additional Organic Rankine Cycle, thus 

the CAPEX is 33.20% higher than the DE+CRC cycle. Although the load on AAV2 

drops and a smaller cheaper solution is possible for the vaporizer, the additional 

costs of HEX3, Pump3, AAV5 and Turbine4 significantly outweigh the savings. The 

additional power output from the Organic Rankine Cycle is insignificant due to the 

fact that the additional output of turbine 4 is mostly cancelled out by the drop in 

power production from turbine1. The drop occurs due to the fact that installation of 

an additional ambient air vaporizer (AAV5) causes an increase in pressure drop of 

the LNG-NG line thus the output of Turbine1 has to be kept at a higher pressure 

than in the less complex cycles. The increased net power output does not provide a 

sufficient additional income to cover the additional costs and as it can be seen from 

Figure 4-5, the CAPEX per each net kW output increases 32.84%. When compared 

to the less complex cycles, the payback period of DE+CRC+ORC is the highest, 

thus the additional cost of DE+CRC+ORC is not feasible, especially when the 

thermodynamic efficiencies are negligibly higher than the DE+CRC cycle. 

 



 

22 

 
 

5 Discussion 

The study confirms that there is a significant quantity of recoverable physical exergy 

stored in LNG due to cryogenic temperature and with appropriate thermodynamic 

cycles such energy can be converted to high grade electrical energy with economic 

and thermodynamic feasibility in small scale satellite regasification stations. As 

discussed in previous studies, Rankine and Direct Expansion Cycles as well as 

propane as working fluid are confirmed as appropriate for cryogenic exergy 

recovery applications with a low temperature heat source, such as ambient air as was 

the case in this study. Rankine Cycle has the highest effect on thermodynamic and 

economic efficiencies for low-pressure, cryogenic temperature systems, Direct 

Expansion improves the metrics significantly as well, especially due to the fact that 

additional costs can be minor.  

The study does not implicitly confirm the initial assumption that cascading of a cycle 

provides attractive thermodynamic efficiency gains as suggested by some previous 

studies. Although there is always a thermodynamic efficiency increase with 

increased cascading, the additional economic costs can often outweigh the additional 

income from the increased cycle efficiency as the increase in thermodynamic 

efficiency is diminishing with each level of cascading. The well examined placement 

of cascading cycles in the scheme is crucial for attractive results and the feasibility is 

very much dependent on each case individually. 

One of the negative thermodynamic efficiency effects on increased cycle complexity 

found is the increase in the pressure drop throughout the system. To increase the 

recovery of the temperature component of exergy, additional equipment has to be 

installed, which due to pressure drop in each lower the possible recovery of the 

pressure component of exergy. As is well illustrated in the augmentation from the 

DE+CRC cycle to the DE+CRC+ORC cycle, the low additional efficiency gain 

from the low temperature exergy recovery is almost cancelled out by the reduction 

in pressure exergy recovery due to increased pressure drop. This factor should not 

be neglected in future studies on small scale LNG physical exergy recovery during 

regasification. 
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The analysis could be improved by performing a rigorous heat exchanger design to 

rate the pressure drops in heat exchange and vaporization components. As can be 

seen in cycle augmentation from DE+CRC to DE+CRC+ORC, pressure drop has a 

significant impact for the feasibility of additional cycle complexity. Equally 

important, the largest exergy flowrate loss not accounted for in the study was of 

HEX1 which had a significant inefficiency due to large temperature difference 

between LNG and intermediate working fluid- a further analysis could be 

performed by cascading and creating parallel streams to reduce the irreversibility 

losses at the heat exchanger. To add, the economic analysis could be improved by 

performing a detailed discounted cash flow analysis with net present value and 

internal rate of return, the current payback period analysis only suggests the high 

level preliminary overview. Furthermore, in reality both physical and chemical 

conditions of the LNG at the storage tanks vary, thus sensitivity analysis of a 

temperature, pressure and composition range of stream 1 could be performed. 

Moreover, the higher the ambient temperature, the higher the thermal and pressure 

exergies, thus further sensitivity simulation with different ambient temperatures 

would be useful as seasonal ambient temperature changes are significant in the 

region analyzed. 
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6 Conclusions 

6.1 Study results 

Utilization of LNG physical exergy for electricity production in small scale 

regasification stations similar to the analyzed example in Druskininkai, Lithuania is 

thermoeconomically feasible with retrofit Direct Expansion and Rankine Cycle 

solutions of approximately 13% thermal efficiency and approximately 17% exergy 

efficiency showing payback periods of 5 to 10 years and 3.3 to 6 thousand euro 

additional CAPEX per net kW production power. Direct Expansion solutions can be 

retrofitted at additional costs which could be insignificant when compared to the 

total regasification equipment, but the thermal and exergy efficiencies are 

approximately 5% and 6% respectively and are highly inefficient for low pressure 

systems as the one analyzed. Increase in complexity of thermodynamic cycles is 

directly proportional to both increased thermodynamic efficiencies and capital costs 

and the study proves that there is a limit at which increase in thermodynamic 

efficiency of a cycle by cascading becomes economically infeasible. To add, increase 

in complexity of thermodynamic cycles, creates increases in pressure drop of the 

system, thus reducing the recoverable exergy of the pressure component. Initial 

Rankine and Direct Expansion Cycles provide the highest return per investment, 

whereas additional augmentations increase the cost per net power produced. 

Placement of cascading cycles should be well examined and analyzed case by case as 

often the additional costs outweigh the increase in thermodynamic efficiency, which 

is diminishing with each level of cascading. 

6.2 Outlook 

To expand the study in future work, simulation with alternative non-flammable, less 

toxic and less hazardous to the environment working fluids (e.g. R23, CO2) could 

be performed to reduce the ozone depletion potential (ODP) and global warming 

potential (GWP).  

Real world conditions could be better replicated by performing a rigorous heat 

exchanger design and economic analysis by employing the discounted cash flow 

methodology. Additionally, sensitivity analysis of key factors such as LNG input 

temperature, pressure and composition as well as ambient temperature could be 

performed. 
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For increased efficiency of the cycle, ammonia-water mixture could be selected as a 

working fluid since ammonia-water mixture can maintain a temperature profile 

close to LNG of the higher temperature part with increasing temperature, thus it is 

possible to recover the cold energy of LNG of the higher part more completely by 

ammonia-water Rankine Cycle. Additionally, solutions to reduce the irreversibility 

losses of HEX1 could be seeked for significant gains in thermodynamic efficiencies. 

Considering alternative solutions for electricity production from LNG cold exergy 

in small scale applications, it is known from the Carnot cycle that the efficiency of a 

thermal cycle is proportional to the temperature difference between heat source and 

heat sink [1]. The power cycle based on the cold energy of LNG and low grade heat 

source enlarges the temperature difference between source and sink, which can not 

only efficiently recover and utilize the energy consumed during the liquefying 

process but also greatly increase the utilizing efficiency of low-grade energy, thus 

solutions with significantly higher thermodynamic efficiencies require a high 

temperature heat source. The temperature of gas turbine exhaust or heat from 

process industries are about several hundreds of degrees Celsius and by utilizing cold 

exergy of LNG this waste heat can be recovered effectively since very low 

temperature heat sink is available for rejection. Brayton, Kalina or gas turbine cycles 

can produce higher energy and exergy efficiencies when a high temperature heat 

source is available. [3][10][12] 

6.3 Perspectives 

Efficiency increase in any part of the whole energy system’s chain is important from 

the macro and holistic points of view. Specifically for this case, energy stored in a 

product as a side effect of production (i.e. low temperature exergy stored in natural 

gas when producing LNG) can be recovered during the conversion and delivery 

stage (i.e. regasification). As an effect, thermodynamic efficiency of the energy 

system is increased and alternative fuel requirements as well as cold pollution are 

reduced. The study proves that such solutions can be commercialized and an 

attractive business case is possible allowing to foresee a potential industry with new 

workplaces, often in remote regions where unemployment rates can be an issue. 

Improving efficiency of LNG solutions makes it more competitive when compared 

to fossil fuels of high pollution and this is important in making clean energy solutions 

more attractive.  
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Appendix A. Results of the thermodynamic 

analysis to find efficiencies and irreversible 

losses. 

Results of the thermodynamic analysis 

 
DE DE + ORC DE + CRC DE + CRC + ORC 

Q_AAV1 748.81       

Q_AAV2 40.64 103.44 103.44 46.10 

Q_AAV3   757.74 650.12 650.12 

Q_AAV4     114.06 114.06 

Q_AAV5       57.62 

Q_tot 789.45 861.18 867.63 867.90 

 
        

W_turbine1 37.46 32.48 32.48 29.16 

W_turbine2   78.79 78.79 78.79 

W_turbine3     7.02 7.02 

W_turbine4       3.79 

W_pump1   2.27 2.45 2.45 

W_pump2     0.30 0.30 

W_pump3       0.16 

W_net 37.46 109.00 115.54 115.85 

 
        

Eff_th 4.75% 12.66% 13.32% 13.35% 

 
        

Ex_AirAB -3.58       

Ex_AirCD -0.19 -0.49 -0.49 -0.22 

Ex_AirEF   -3.62 -3.11 -3.11 

Ex_AirGH     -0.55 -0.55 

Ex_AirIJ       -0.28 

Ex_LNG 664.90 664.90 664.90 664.90 

Ex_Tot 661.12 660.78 660.75 660.75 

 
        

Eff_E 5.67% 16.50% 17.49% 17.53% 

 
        

I_AAV1 598.73       

I_HEX1   443.76 443.76 443.76 

I_Turbine1 14.60 14.62 14.62 13.48 

I_HEX3       10.49 

I_AAV2 10.33 23.88 23.88 11.00 

I_Pump1   0.11 0.73 0.73 

I_Hex2     7.53 7.53 

I_AAV3   36.81 16.17 16.17 

I_Turbine2   32.61 32.61 32.61 

I_Pump2     0.19 0.19 

I_AAV4     3.13 3.13 
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I_Turbine3     2.59 2.59 

I_Pump3       0.06 

I_AAV5       1.64 

I_Turbine4       1.52 
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Appendix B. The optimal results found after 

simulation of the Direct Expansion (DE) cycle 

presented in Figure 4-1. 

Optimized Direct Expansion (DE) cycle data  

  1 LNG 2 NG 3 NG 4 NG 

Temperature (K) 123.1500 277.1500 256.8433 277.1500 

Pressure (bar) 7.0000 6.5000 4.2130 4.0130 

Mass Flow (kg/s) 0.9375 0.9375 0.9375 0.9375 

Mass Enthalpy (kJ/kg) -5195.5066 -4397.1587 -4437.1190 -4393.8004 

Mass Entropy 
(kJ/kg∙K) 4.6847 9.6030 9.6555 9.8406 

Vapour Fraction 0.0000 1.0000 1.0000 1.0000 

  A Air B Air C Air D Air 

Temperature (K) 293.1500 288.1500 293.1500 288.1500 

Pressure (bar) 1.0132 1.0132 1.0132 1.0132 

Mass Flow (kg/s) 151.0272 151.0272 8.1948 8.1948 

Mass Enthalpy (kJ/kg) -5.2412 -10.1970 -5.2412 -10.1970 

Mass Entropy 
(kJ/kg∙K) 4.0653 4.0482 4.0653 4.0482 

Vapour Fraction 1.0000 1.0000 1.0000 1.0000 

  
   

  

  W El output 
  

  

Heat Flow (kJ/h) 134865.9528 
  

  

Power (kW) 37.4628       
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Appendix C. The optimal results found after 

simulation of the Combined Direct Expansion and 

Rankine Cycle (DE+ORC) cycle presented in 

Figure 4-2. 

Optimized Combined Direct Expansion and Rankine Cycle (DE+ORC) data 

  1 LNG 2 NG 3 NG 4 NG 

Temperature (K) 123.1500 243.2132 224.5956 277.1500 

Pressure (bar) 7.0000 6.5000 4.2133 4.0133 

Mass Flow (kg/s) 0.9375 0.9375 0.9375 0.9375 

Mass Enthalpy (kJ/kg) -5195.5066 -4469.4057 -4504.0525 -4393.8007 

Mass Entropy 
(kJ/kg∙K) 4.6847 9.3250 9.3771 9.8406 

Vapour Fraction 0.0000 1.0000 1.0000 1.0000 

  5 C3H8 6 C3H8 7 C3H8 8 C3H8 

Temperature (K) 230.1500 230.5769 288.1500 245.1484 

Pressure (bar) 1.0132 7.5000 7.0000 1.5132 

Mass Flow (kg/s) 1.5300 1.5300 1.5300 1.5300 

Mass Enthalpy (kJ/kg) -2889.8844 -2888.3995 -2393.4739 -2444.9697 

Mass Entropy 
(kJ/kg∙K) 1.4225 1.4244 3.2026 3.2737 

Vapour Fraction 0.0000 0.0000 1.0000 1.0000 

  C Air D Air E Air F Air 

Temperature (K) 293.1500 288.1500 293.1500 288.1500 

Pressure (bar) 1.0132 1.0132 1.0132 1.0132 

Mass Flow (kg/s) 20.8568 20.8568 152.7998 152.7998 

Mass Enthalpy (kJ/kg) -5.2412 -10.1970 -5.2412 -10.1970 

Mass Entropy 
(kJ/kg∙K) 4.0653 4.0482 4.0653 4.0482 

Vapour Fraction 1.0000 1.0000 1.0000 1.0000 

  
   

  

  W El output X El output Q El input   

Heat Flow (kJ/h) 116932.6656 283638.6423 8178.9171   

Power (kW) 32.4813 78.7885 2.2719   
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Appendix D. The optimal results found after 

simulation of the Combined Direct Expansion and 

Cascade Rankine Cycle (DE+CRC) cycle presented 

in Figure 4-3. 

Optimized Combined Direct Expansion and Cascade Rankine Cycle (DE+CRC) data 

  1 LNG 2 NG 3 NG 4 NG   

Temperature (K) 123.1500 243.2132 224.5956 277.1500   

Pressure (bar) 7.0000 6.5000 4.2133 4.0133   

Mass Flow (kg/s) 0.9375 0.9375 0.9375 0.9375   

Mass Enthalpy (kJ/kg) -5195.5066 -4469.4057 -4504.0525 -4393.8007   

Mass Entropy (kJ/kg∙K) 4.6847 9.3250 9.3771 9.8406   

Vapour Fraction 0.0000 1.0000 1.0000 1.0000   

  5 C3H8 6 C3H8 7 C3H8 8 C3H8 9 C3H8 

Temperature (K) 230.1500 230.6097 261.2850 288.1500 245.1484 

Pressure (bar) 1.0132 8.0000 7.5000 7.0000 1.5132 

Mass Flow (kg/s) 1.5300 1.5300 1.5300 1.5300 1.5300 

Mass Enthalpy (kJ/kg) -2889.8844 -2888.2850 -2818.1670 -2393.4739 -2444.9697 

Mass Entropy (kJ/kg∙K) 1.4225 1.4246 1.7101 3.2026 3.2737 

Vapour Fraction 0.0000 0.0000 0.0000 1.0000 1.0000 

  10 C3H8 11 C3H8 12 C3H8 13 C3H8   

Temperature (K) 255.1500 255.5204 288.1500 264.6651   

Pressure (bar) 2.7000 7.5000 7.0000 3.2000   

Mass Flow (kg/s) 0.2600 0.2600 0.2600 0.2600   

Mass Enthalpy (kJ/kg) -2833.0807 -2831.9220 -2393.4739 -2420.4630   

Mass Entropy (kJ/kg∙K) 1.6555 1.6568 3.2026 3.2369   

Vapour Fraction 0.0000 0.0000 1.0000 1.0000   

  C Air D Air E Air F Air   

Temperature (K) 293.1500 288.1500 293.1500 288.1500   

Pressure (bar) 1.0132 1.0132 1.0132 1.0132   

Mass Flow (kg/s) 20.8568 20.8568 131.1167 131.1167   

Mass Enthalpy (kJ/kg) -5.2412 -10.1970 -5.2412 -10.1970   

Mass Entropy (kJ/kg∙K) 4.0653 4.0482 4.0653 4.0482   

Vapour Fraction 1.0000 1.0000 1.0000 1.0000   

  G Air H Air 
  

  

Temperature (K) 293.1500 288.1500 
  

  

Pressure (bar) 1.0132 1.0132 
  

  

Mass Flow (kg/s) 23.0029 23.0029 
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Mass Enthalpy (kJ/kg) -5.2412 -10.1970 
  

  

Mass Entropy (kJ/kg∙K) 4.0653 4.0482 
  

  

Vapour Fraction 1.0000 1.0000 
  

  

  
    

  

  W El output X El output Q El input Y El output R El input 

Heat Flow (kJ/h) 116932.6656 283638.6423 8809.3497 25261.7999 1084.5194 

Power (kW) 32.4813 78.7885 2.4470 7.0172 0.3013 
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Appendix E. The optimal results found after 

simulation of the Combined Direct Expansion and 

Cascade Rankine Cycle with additional Rankine 

Cycle (DE+CRC+ORC) presented in Figure 4-4. 

Optimized combined Direct Expansion and Cascade Rankine Cycle with additional Rankine Cycle 
(DE+CRC+ORC) data 

  1 LNG 2 NG 3 NG 4 NG 5 NG 

Temperature (K) 123.1500 243.2132 226.4989 254.0690 277.1500 

Pressure (bar) 7.0000 6.5000 4.4133 4.2133 4.0133 

Mass Flow (kg/s) 0.9375 0.9375 0.9375 0.9375 0.9375 

Mass Enthalpy (kJ/kg) -5195.5066 -4469.4057 -4500.5116 -4442.9410 -4393.8007 

Mass Entropy 
(kJ/kg∙K) 4.6847 9.3250 9.3713 9.6327 9.8406 

Vapour Fraction 0.0000 1.0000 1.0000 1.0000 1.0000 

  6 C3H8 7 C3H8 8 C3H8 9 C3H8 10 C3H8 

Temperature (K) 230.1500 230.6097 261.2850 288.1500 245.1484 

Pressure (bar) 1.0132 8.0000 7.5000 7.0000 1.5132 

Mass Flow (kg/s) 1.5300 1.5300 1.5300 1.5300 1.5300 

Mass Enthalpy (kJ/kg) -2889.8844 -2888.2850 -2818.1670 -2393.4739 -2444.9697 

Mass Entropy 
(kJ/kg∙K) 1.4225 1.4246 1.7101 3.2026 3.2737 

Vapour Fraction 0.0000 0.0000 0.0000 1.0000 1.0000 

  11 C3H8 12 C3H8 13 C3H8 14 C3H8   

Temperature (K) 255.1500 255.5204 288.1500 264.6651   

Pressure (bar) 2.7000 7.5000 7.0000 3.2000   

Mass Flow (kg/s) 0.2600 0.2600 0.2600 0.2600   

Mass Enthalpy (kJ/kg) -2833.0807 -2831.9220 -2393.4739 -2420.4630   

Mass Entropy 
(kJ/kg∙K) 1.6555 1.6568 3.2026 3.2369   

Vapour Fraction 0.0000 0.0000 1.0000 1.0000   

  15 C3H8 16 C3H8 17 C3H8 18 C3H8   

Temperature (K) 253.1500 253.5303 288.1500 262.8923   

Pressure (bar) 2.5000 7.5000 7.0000 3.0000   

Mass Flow (kg/s) 0.1300 0.1300 0.1300 0.1300   

Mass Enthalpy (kJ/kg) -2837.8061 -2836.6046 -2393.4739 -2422.6334   

Mass Entropy 
(kJ/kg∙K) 1.6370 1.6384 3.2026 3.2399   

Vapour Fraction 0.0000 0.0000 1.0000 1.0000   

  C Air D Air E Air F Air   
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Temperature (K) 293.1500 288.1500 293.1500 288.1500   

Pressure (bar) 1.0132 1.0132 1.0132 1.0132   

Mass Flow (kg/s) 9.2961 9.2961 131.1167 131.1167   

Mass Enthalpy (kJ/kg) -5.2412 -10.1970 -5.2412 -10.1970   

Mass Entropy 
(kJ/kg∙K) 4.0653 4.0482 4.0653 4.0482   

Vapour Fraction 1.0000 1.0000 1.0000 1.0000   

  G Air H Air I Air J Air   

Temperature (K) 293.1500 288.1500 293.1500 288.1500   

Pressure (bar) 1.0132 1.0132 1.0132 1.0132   

Mass Flow (kg/s) 23.0029 23.0029 11.6243 11.6243   

Mass Enthalpy (kJ/kg) -5.2412 -10.1970 -5.2412 -10.1970   

Mass Entropy 
(kJ/kg∙K) 4.0653 4.0482 4.0653 4.0482   

Vapour Fraction 1.0000 1.0000 1.0000 1.0000   

  
    

  

  W El output X El output Q El input Y El output R El input 

Heat Flow (kJ/h) 104982.3669 283638.6423 8809.3497 25261.7999 1084.5194 

Power (kW) 29.1618 78.7885 2.4470 7.0172 0.3013 

  Z El output S El input 
  

  

Heat Flow (kJ/h) 13646.6174 562.3065 
  

  

Power (kW) 3.7907 0.1562       
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Appendix F. Exergy calculation results for the 

optimized cycles presented in Figures 4-1 to 4-4. 

Exergy calculation results for Direct Expansion Cycle (DE) 

 
m T_0  s_0 h_0 s h E (kW) 

1 0.9375 293.1 10.620 -4356 4.685 -5196 843.33 

2 0.9375 293.1 10.620 -4356 9.603 -4397 241.02 

3 0.9375 293.1 10.620 -4356 9.656 -4437 188.95 

4 0.9375 293.1 10.620 -4356 9.841 -4394 178.43 

A 151 293.1 4.065 -5.241 4.065 -5.241 0.00 

B 151 293.1 4.065 -5.241 4.048 -10.2 3.58 

C 8.195 293.1 4.065 -5.241 4.065 -5.241 0.00 

D 8.195 293.1 4.065 -5.241 4.048 -10.2 0.19 

 

Exergy calculation results for combined Direct Expansion and Rankine Cycle (DE+ORC) 

 
m T_0  s_0 h_0 s h E (kW) 

1 0.9375 293.1 10.620 -4356 4.685 -5196 843.33 

2 0.9375 293.1 10.620 -4356 9.325 -4469 249.90 

3 0.9375 293.1 10.620 -4356 9.377 -4504 202.80 

4 0.9375 293.1 10.620 -4356 9.841 -4394 178.43 

5 1.53 293.1 3.637 -2367 1.422 -2890 193.11 

6 1.53 293.1 3.637 -2367 1.424 -2888 195.27 

7 1.53 293.1 3.637 -2367 3.203 -2393 154.84 

8 1.53 293.1 3.637 -2367 3.274 -2445 43.44 

C 20.86 293.1 4.065 -5.241 4.065 -5.241 0.00 

D 20.86 293.1 4.065 -5.241 4.048 -10.2 0.49 

E 152.8 293.1 4.065 -5.241 4.065 -5.241 0.00 

F 152.8 293.1 4.065 -5.241 4.048 -10.2 3.62 

 

Exergy calculation results for combined Direct Expansion and Cascade Rankine Cycle 
(DE+CRC) 

 
m T_0  s_0 h_0 s h E (kW) 

1 0.9375 293.1 10.620 -4356 4.685 -5196 843.33 

2 0.9375 293.1 10.620 -4356 9.325 -4469 249.90 

3 0.9375 293.1 10.620 -4356 9.377 -4504 202.80 

4 0.9375 293.1 10.620 -4356 9.841 -4394 178.43 

5 1.53 293.1 3.637 -2367 1.422 -2890 193.11 

6 1.53 293.1 3.637 -2367 1.425 -2888 194.83 

7 1.53 293.1 3.637 -2367 1.71 -2818 174.12 

8 1.53 293.1 3.637 -2367 3.203 -2393 154.84 

9 1.53 293.1 3.637 -2367 3.274 -2445 43.44 

10 0.26 293.1 3.637 -2367 1.655 -2833 29.88 

11 0.26 293.1 3.637 -2367 1.657 -2832 29.99 

12 0.26 293.1 3.637 -2367 3.203 -2393 26.31 
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13 0.26 293.1 3.637 -2367 3.237 -2420 16.70 

C 20.86 293.1 4.065 -5.241 4.065 -5.241 0.00 

D 20.86 293.1 4.065 -5.241 4.048 -10.2 0.49 

E 131.1 293.1 4.065 -5.241 4.065 -5.241 0.00 

F 131.1 293.1 4.065 -5.241 4.048 -10.2 3.11 

G 23 293.1 4.065 -5.241 4.065 -5.241 0.00 

H 23 293.1 4.065 -5.241 4.048 -10.2 0.55 

 

Exergy calculation results for combined Direct Expansion and Cascade Rankine Cycle 
with additional Rankine Cycle (DE+CRC+ORC) 

 
m T_0  s_0 h_0 s h E (kW) 

1 0.9375 293.1 10.620 -4356 4.685 -5196 843.33 

2 0.9375 293.1 10.620 -4356 9.325 -4469 249.90 

3 0.9375 293.1 10.620 -4356 9.371 -4501 207.26 

4 0.9375 293.1 10.620 -4356 9.633 -4443 189.65 

5 0.9375 293.1 10.620 -4356 9.841 -4394 178.43 

6 1.53 293.1 3.637 -2367 1.422 -2890 193.11 

7 1.53 293.1 3.637 -2367 1.425 -2888 194.83 

8 1.53 293.1 3.637 -2367 1.71 -2818 174.12 

9 1.53 293.1 3.637 -2367 3.203 -2393 154.84 

10 1.53 293.1 3.637 -2367 3.274 -2445 43.44 

11 0.26 293.1 3.637 -2367 1.655 -2833 29.88 

12 0.26 293.1 3.637 -2367 1.657 -2832 29.99 

13 0.26 293.1 3.637 -2367 3.203 -2393 26.31 

14 0.26 293.1 3.637 -2367 3.237 -2420 16.70 

15 0.13 293.1 3.637 -2367 1.637 -2838 14.98 

16 0.13 293.1 3.637 -2367 1.638 -2837 15.07 

17 0.13 293.1 3.637 -2367 3.203 -2393 13.16 

18 0.13 293.1 3.637 -2367 3.24 -2423 7.85 

C 9.296 293.1 4.065 -5.241 4.065 -5.241 0.00 

D 9.296 293.1 4.065 -5.241 4.048 -10.2 0.22 

E 131.1 293.1 4.065 -5.241 4.065 -5.241 0.00 

F 131.1 293.1 4.065 -5.241 4.048 -10.2 3.11 

G 23 293.1 4.065 -5.241 4.065 -5.241 0.00 

H 23 293.1 4.065 -5.241 4.048 -10.2 0.55 

I 11.62 293.1 4.065 -5.241 4.065 -5.241 0.00 

J 11.62 293.1 4.065 -5.241 4.048 -10.2 0.28 
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Appendix G. Results of the economic analysis of 

the cycles presented in Figures 4-1 to 4-4. 

Results of the economic analysis 

 

DE DE + ORC DE + CRC DE + CRC + ORC 

AAV1              77,220        

HEX1                115,110  
                

115,110                    115,110  

Turbine1           206,100               191,880  
                

191,880                    190,800  

HEX3                           93,870  

AAV2              69,660                 73,170  
                   

73,170                      69,660  

Pump1                  40,860  
                   

40,950                      40,950  

Hex2     
                   

82,890                      82,890  

AAV3                  74,430  
                   

70,830                      70,830  

Turbine2                214,290  
                

214,290                    214,290  

Pump2     
                   

26,640                      26,640  

AAV4     
                   

64,440                      64,440  

Turbine3     
                

160,830                    160,830  

Pump3                           35,640  

AAV5                           64,440  

Turbine4                         156,240  
Total 
CAPEX 
(EUR)           352,980               709,740  

             
1,041,030                1,386,630  

 
        

NET el. 
Output/year 
(kWh) 328149.60 954822.48 1012119.01 1014876.66 
El. Cost 
(EUR/kWh) 0.07 0.07 0.07 0.07 
Savings 
(EUR/year) 22970.47 66837.57 70848.33 71041.37 
Payback 
period 
(years) 15.37 10.62 14.69 19.52 

Payback 
period as 
addition 
to existing 
system 
(years) 

                      -                        5.34  
                       

9.71  
                       14.55  

 


