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Abstract
Few studies have been studied on the LNG cold utilization with micro-cogeneration systems while many studies were
related to large scale power generation systems. This study proposes a combined LNG cold utilized microcogeneration system which includes an LNG pump, an LNG vaporizer, a combustion chamber, a recuperator, a
compressor, a gas turbine and a heat exchanger. Economic, energetic and environmental analyses are conducted
according to various ambient air temperatures and the results are compared with overall performance of the
conventional micro c-generation system. The generated electricity rate and the thermal efficiency are found the same
for both investigated cycles. However, the payback period is approximately 6% higher than the conventional cycle.
The mean environmental payback period was found approximately 4.8 years.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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Nomenclature
ܿ
ܥܲܧ
ܨ
݄ത
ܮ
ܸܪܮ
݉ሶ

Unit cost, ($/kJ)
Environmental pollution cost, ($/kJ)
Fuel flow rate of turbine, (kJ/s)
Specific enthalpy, (kJ/kg)
Heat loss ratio from the combustion chamber, (%)
Lower heating value of the fuel, (kJ/kmolK or kJ/kgK)
Mass flow rate, (kg/s)
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ܯ
Molar mass, (kg/kmol)
݊
System lifetime, (years)
݊ሶ
Molar flow rate, (kmol/s)
ܱܯ
Operation and maintenance cost, ($)
ܲܥܧ
Purchased equipment cost, ($)
ܲܲ
Payback period, (years)
ܶܲܧ
Total environmental price, ($)
ܹሶ
Work rate, (kJ/s)
ܳሶ
Thermal energy rate, (kJ/s)
ݔ
Molar fraction, (- or %)
Greek letters
ߣҧ
Fuel to air ratio, (- or %)
ߟ
Energetic efficiency, (%)
߬
Annual operation time, (hours)
Superscripts
ܽ
Air

Product
Subscripts
ܽ
Air
݁݊ݒ
Environmental
݈݁
Electric
݂
Fuel
݅݊
Input
݉ݐ
Micro turbine
݊݁ݐ
Net generated

Product
Abbreviations
LNG
Liquefied natural gas
1. Introduction
LNG is a mature transportation method for natural gas with conventional pipeline technology [1]. It is
commercially feasible for long distance which above 3500 km while the pipeline method is feasible for
less than 1000 km distances [2]. LNG is safe, non-corrosive, non-toxic, and odorless gas and its density
range is between 400 and 500 kg/m3 [3-5]. Owing to developing technologies in LNG processing, the cost
of LNG supply chain that includes production, liquefaction, transportation, and regasification processes
[6] has decreased. It has been closed to the cost of conventional technology. Regasification process
provides transformation of the liquid phase to gas phase owing to external thermal sources.
LNG cold utilization systems provide to use of required thermal energy as additional thermal or
electricity energy in many areas such as cold storage, power generation, seawater desalination, incinerator
plants, district cooling systems, etc. [7,8]. Power generation sector is the main sector for LNG cold
utilization systems. Rankine, Brayton, and direct expansion cycles are three commonly used cycles that
are being used in LNG cold utilization system design in the literature [2]. There are many LNG cold
utilization systems in today’s world and all the existing plants are combined plants which include Rankine
and direct expansion cycles [9]. Gas turbine based LNG cold utilization systems are generally designed
for low capacities. This study aims to investigate the micro-cogeneration system with 30 kW power
capacity in two cases; with LNG cold utilization and without LNG cold utilization according to energetic,
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economic and environmental aspects respectively to see the feasibility of LNG cold utilization systems for
small scale applications.
2. Modeling
System schematics of the conventional micro-cogeneration system and the LNG cold utilized microcogeneration system are illustrated in Fig. 1(a, b). The conventional micro-cogeneration system includes a
compressor, a recuperator, a combustion chamber, a gas turbine/generator couple, and a heat exchanger.
The system capacity is 30 kW and Capstone C30 micro turbine system is used for this system. The heat
exchanger is used to producing hot water instead of steam generation. Thermal energy capacity for the
heat exchanger is assumed as 50 kW at 298.15 K ambient air temperature that is an average value of some
industrial applications of the Capstone C30 micro turbine system [10,11].

Fig.1: Simplified schematic of (a) the conventional micro-cogeneration system and (b) the LNG cold utilized microcogeneration system.

LNG cold utilization system is integrated to the micro-cogeneration system as shown in Fig. 1b. LNG
is sent to the LNG pump and it is pressurized from the atmospheric conditions (-162oC, 1 atm). LNG
changes its phase from liquid to gas by heat transfer in the LNG vaporizer. The exhausted gas of heat
exchanger is recovered in the LNG vaporizer. Stream 3 is assumed 100% natural gas and there is no
multiphase flow. After vaporization of natural gas, it is sent to the micro-cogeneration system. Isentropic
efficiencies of the compressor, gas turbine, and LNG pump are assumed as 79% [12], 84.38% [12] and
75%, respectively. Generator efficiency is 96% [12]. System lifetime is 20 years and annual operating
hour is determined as 8000 hours. The relative humidity is assumed 60% for all different ambient
temperatures. Lastly, Lower Heating Value (LHV) of the natural gas and the LNG are assumed as the
same.
Thermodynamic modeling is based on the first law analysis for this paper. The exhausted mass flow
rate from the micro-cogeneration system was received from manufacturer data [13]. The required mass
flow rate for the fuel is calculated by dividing the fuel flow rate of micro turbine [13] to LHV [14] of the
fuel and then the molar flow rate of fuel is calculated in Eq.(1).
݊ሶ  ൌ ሺ ܨΤ ܸܪܮሻΤܯ ൌ ݉ሶ Τܯ

(1)

where ݊ሶ  and ݉ሶ are molar and mass flow rates of the fuel, respectively, and  ܨis the fuel flow rate of
micro gas turbine whereas ܯ is the molar mass of the fuel. Natural gas is the fuel of this study and

1905

Baris Burak Kanbur et al. / Energy Procedia 105 (2017) 1902 – 1909

methane is assumed 100% of natural gas. The difference between mass flow rates of the exhausted gas
(݉ሶ ሻ and the fuel (݉ሶ ሻ presents the mass flow rate of the required air (݉ሶ ሻ for the micro-cogeneration
system. Nitrogen, oxygen, carbon dioxide, and water vapor are assumed as chemical contents of the air
and molar mass of the air (ܯ ) is calculated by using these chemical contents. Molar flow rate of the air
(݊ሶ  ) can be found by dividing ݉ሶ to ܯ . The ratio of molar flow rate of the fuel to the air is called as fuel
to air ratio (ߣҧ ) and it is significant parameter in the calculation of combustion equation as shown in
Eq.(2).





ߣҧܪܥସ  ൣݔேమ  ݔைమ  ݔை
 ݔுమை ൧ ՜ ൣͳ  ߣҧ൧ൣݔேమ  ݔைమ  ݔைమ  ݔுమை ൧
మ

(2)

where  ݔ and  ݔ are molar fractions of chemical contents, and ൣͳ  ߣҧ൧ is equal to ratio of molar flow rate
of the exhausted gas (݊ሶ  ) to the air (݊ሶ  ) that means the molar flow rate of the exhausted product is found
by solving the combustion equation. Enthalpy calculations of the air and the exhausted gas are another
crucial criteria for the first law analyses. In addition to the molar fractions, enthalpy values of the
chemical contents are also required. Eqs. (3) and (4) present the specific enthalpy calculations of the air
and product gas, respectively.
 ത
݄ത ൌ  ൣݔேమ ݄തேమ  ݔைమ ݄തைమ  ݔை
݄
 ݔுమை ݄തுమை ൧
మ ைమ

(3)





݄ത ൌ ൣݔேమ ݄തேమ  ݔைమ ݄തைమ  ݔைమ ݄തைమ  ݔுమை ݄തுమை ൧

(4)

where ݄ത and ݄ത are the molar specific enthalpy values of the air and the product gas, respectively.
Specific enthalpy values of the chemical contents can be found from the thermodynamic tables. By
multiplying the specific enthalpy of air and product gas with the molar flow rate of air and product gas,
enthalpy values of the air and the product are found, respectively. More details on thermodynamic
calculations of LNG cold utilization and gas turbine systems can be found from Morosuk and Tsatsaronis’
work [15] and Bejan et al. [16], respectively. The net generated work and the energetic efficiency of the
micro-cogeneration system are shown in Eqs. (5) and (6), respectively.
ܹሶ௧ ൌ ܹሶ௧ െ ܹሶேீ௨

(5)

ߟ ൌ ܹሶ௧  ܳሶுா Τܳሶ

(6)

where ܹሶ௧ , ܹሶ௧ , and ܹሶேீ௨ are the net generated work rate, the micro-turbine work rate and the
LNG pump work rate, respectively, and ܳሶுா is the produced thermal energy from the heat exchanger and
it is also considered during the calculation of energetic efficiency ( ߟ ). However, when the single
generation system is considered, thermal energy production is not considered. ܳሶ is the total heat input of
the micro-cogeneration system and both systems have the same ܳሶ rates due to fact that LHV values of
the natural gas and the LNG are assumed as the same. The calculation of ܳሶ is shown in Eq. (7).
ܳሶ ൌ ݊ሶ  ή  ܸܪܮή ሺͳ െ ܮሻ

(7)

where  ܮis the heat loss ratio from the combustion chamber to the environment.
Payback period is main aspect of the economic analysis and it consists of equipment costs, operation
and maintenance costs, operation time, and the generated energy rate with its price. CO2 emissions have
also impact on the economic analyses of thermal systems and the relationship between emissions and the
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economics is defined with Environmental Payback Period (ܲܲ௩ ) in this study. To calculate the ܲܲ௩ ,
Total Environmental Price (ܶ )ܲܧmust be known that can be calculated in Eq.(8).
ܶ ܲܧൌ  ܥܲܧή ݉ሶೀమ ή ߬ ή ݊

(8)

where  ܥܲܧis the Environmental Pollution Cost of CO2, 0.0327 $/kgCO2 that is received from Rosen and
Dincer [17] by using related inflation and exchange rates [18], ݉ሶೀమ (kg/h) is mass flow rate of the
exhausted CO2 from the cogeneration system. Annual operation time and the system lifetime are denoted
by ߬ and ݊, respectively. The calculation of ܲܲ and ܲܲ௩ can be seen in Eqs. (9) and (10), respectively.
More details on the payback period calculation can be found from Bejan et al. [16]. For the ܲܲ௩
calculation, the produced thermal energy rate is not considered.
ܲܲ ൌ ሾሺܲ ܥܧ ܱܯሻ ή ͶǤ͵ሿΤൣ൫ܹሶ௧ ή ܿ ή ͵ͲͲ  ൫ܳሶுா ή ܿேீ ή ͵ͲͲ൯ ή ߬൯൧

(9)

ܲܲ௩ ൌ ܶ ܲܧΤ൫ܹሶ௧ ή ܿ ή ͵ͲͲ ή ߬൯

(10)

where ܲ ܥܧis the purchased equipment cost. The ܲ ܥܧvalues are 700 $/kW, 2000 $ and 1130 $/kW for
the LNG pump, the LNG vaporizer and the micro turbine system, respectively. ܿ and ܿேீ are the
electricity price and the LNG price which are equal to 3.49ൈ10-5 ($/kJ) [19] and 6.98ൈ10-6 ($/kJ) [20].
Moreover, the natural gas price is used instead of the LNG price for the calculation of conventional
micro-cogeneration system and it is 6.49ൈ10-6 ($/kJ) [21]. ܱ ܯis the operation and maintenance cost and
it is assumed as 1.092% of purchased equipment cost for each system component [22].
3. Results and Discussions
Results show that the required LNG pump rates are between 2.20ൈ10-3 and 2.24ൈ10-3 kW in the range
between 288.15 K and 313.15 K at compressor pressure ratio of 3.64 as they can be seen from Fig. 2a.
These values show that the LNG pump work does not have a significant effect on power generation
performance. Therefore, the first law efficiency and the net generated work rates of the LNG cold utilized
micro-cogeneration system are very close to the energetic efficiency and the net generated work rate of
the conventional micro-cogeneration system. Fig. 2b presents the thermal efficiency and generated work
rate for the LNG cold utilized micro-cogeneration system.

Fig.2: (a) Work rate of the LNG pump, (b) Energetic efficiency and generated power/thermal energy rates of the
LNG cold utilized micro-cogeneration system.
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The generated work rate drops and it causes a decrement in the energetic efficiency for the single
power generation case. In contrast to work generation, the produced thermal energy increases so that is
the main reason why the energetic efficiency decreases for the single power generation case while it rises
for the cogeneration case by the rising of ambient air temperature. For the work generation, the decrement
is nearly 18% while the thermal energy increases 2.5% for the ambient air temperature increment from
288.15 K to 318.15 K.
After the first law analyses, economic analyses are performed and payback periods are calculated for
the conventional micro-cogeneration system and the LNG cold utilized micro-cogeneration system,
respectively. In both cases, two configurations are considered as power based configuration and
cogeneration based configuration which means the power based configuration only focuses on the
electricity generation while the cogeneration based configuration considers both electricity and thermal
energy productions as illustrated in Fig. 3 with environmental payback period results for the conventional
and LNG cold utilized micro-cogeneration systems

Fig.3: Payback and environmental payback periods for conventional micro-cogeneration and LNG cold utilized micro
cogeneration cases.

Results show that the conventional micro cogeneration case has average 5.5 and 3.99 years payback
periods for power based and cogeneration based configurations, respectively. The LNG cold utilization
application increases the payback periods nearly 6% and reaches 5.85 and 4.24 years for power and
cogeneration based configurations, respectively. When environmental payback periods are investigated it
is seen that both systems have the same ܲܲ௩ trends due to fact that both systems have similar generated
work rates. Environmental payback period finds its maximum point at 308.15K. This shows that there
must be a maximum point for produced the CO2 emissions. The calculated CO2 emission rates are shown
in Fig. 4.

Fig.4: The total environmental price and CO2 emission rates for the LNG cold utilized micro-cogeneration system
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Emission rates show that there is a peak point which is near to 308.15K. However, when the emission
rate is investigated it is seen that the emission rate does not have a significant effect due to the very small
difference between emission rates. Moreover, the total environmental price is investigated and it is
deduced that the ܶ ܲܧdecreases more than 17% by the rising of ambient air temperature from 288.15 K to
313.15 K.
4. Conclusions
Energetic, economic and environmental analyses were investigated for the small scale LNG cold
utilization system which was operated by the LNG pump, the LNG vaporizer and the gas turbine based
micro-cogeneration system with 30 kW electricity capacity. The generated work rate of the LNG pump
had no significant effect on the general power generation so that there was no difference between
conventional micro-cogeneration and LNG cold utilized micro cogeneration cases from the point of
electricity generation and energetic efficiency. Generated electricity work rates decreased by the rising of
ambient air temperature while thermal energy increased. The energetic efficiency decreased for the power
based case while it increased for the cogeneration case. LNG cold utilization components rose payback
periods nearly 6%. Environmental payback periods increased by the growing of ambient air temperature.
The total environmental price decreased while ambient air temperature rose. It is deduced that there is still
significant gaps to increase the feasibility of LNG cold utilization system for micro-cogeneration cases.
Exergy analysis should be applied to the LNG cold utilization system to see the convenient points to
increase the overall efficiency. Also, exergy destruction and loss rates can present ideas to develop the
proposed model efficiently.
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