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Abstract: This article discusses methods of enhanced power generation using a binary power sys-
tem with low-boiling fluid as an intermediate energy carrier. The binary power system consists
of micro-gas and steam power units and is intended for remote standalone power supply. Triflu-
otrichloroethane was considered as the working agent of the binary cycle. The developed system
was modeled by two parts in MATLAB Simulink and Aspen HYSYS. The model in Aspen HYSYS
calculates the energy and material balance of the binary energy system. The model in MATLAB
Simulink investigates the operation of power electronics in the energy system for quality power
generation. The results of the simulation show that the efficiency of power generation in the range of
100 kW in the developed system with micro-turbine power units reaches 50%.

Keywords: natural gas; binary cycle; combined heat and power; low-boiling fluid; organic
Rankine cycle

1. Introduction

Despite the existence of different views on the causes and rates of global climate
change, the direct impact of greenhouse gas emissions on the Earth’s weighted average
air temperature is undeniable [1–3]. The Paris Climate Agreement, adopted in 2015, aims
to keep global temperature rise below 2 degrees Celsius and includes measures to reduce
greenhouse gas emissions [4]. Furthermore, a significant share of emissions is produced by
the energy sector [5,6].

It is an undeniable fact that the share of renewable energy sources, such as wind and
solar power plants, will only increase in the near future [7]. However, other types of re-
newable energy sources should not be neglected. These include, for example, biofuels [8,9],
tidal [10,11] and wave energy [12,13], and geothermal energy [14,15].

In addition, the use of fossil fuel power plants will remain important to ensure the
stability of the power grid and to cover consumption peaks [16]. In the world today,
more than 30 million tons of fossil primary energy sources such as oil, gas, and coal are
burned each month to generate electricity. On average, 61% of electricity in the world is
obtained from fossil sources [17]. However, the effectiveness of processes for generating
energy by burning fossil fuels is not high; for example, the efficiency of combined heat
and power (CHP) plants fueled by natural gas in most cases does not exceed 50%. In this
regard, the issues of increasing the energy efficiency of generation, conversion, transmission,
and distribution of electrical and thermal energy are becoming particularly relevant.

Gas-fired power plants are suitable for supplying power to remote locations where
natural gas (NG) is available as the main energy source. The main equipment in such
power plants are gas-reciprocating units (GRUs) or gas turbine units (GTUs) [18].

Gas turbines are the units that burn gaseous or liquid fuel to produce gas with high
internal energy, driving the shaft of an electric generator [19–21]. The advantages of GTU
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are high reliability, lower noise and vibration level, the possibility of using various types
of fuel, short start-up time, and lower emissions, especially of nitrogen oxides [22–24].
At the same time, GTUs have a relatively high cost and are difficult to maintain—complete
overhaul of the unit cannot be performed on site. These disadvantages have prevented
GTUs from replacing GRUs in the power range up to 500 kW [25]. However, in recent
years, interest in the use of GTUs operating in this power range has increased again. This
has been caused by the trend for the provision of energy-efficient and environmentally
friendly power supply in remote regions, where there is not a need for large amounts of
generated power [26].

Working Cycles of Power Units for Electric Energy Generation

Brayton Cycle

Microturbines (MTs) include turbines with a power rating of tens to hundreds of kilo-
watts, whereby the upper boundary is rather arbitrary. Some sources take it as 100 kW [27],
300 kW [28,29], 350 kW [30], 400 kW [31], or 500 kW [32,33]. This is the power rating of a
single MT but, if necessary, the power output can be increased to several megawatts or tens
of megawatts by connecting MTs in parallel [30].

Micro-turbines are divided into single-shaft and twin-shaft designs according to the
number of shafts. The single-shaft design improves the MT reliability. In this case, the MT
is a unit where a compressor, a turbine, and an electric generator are installed on one shaft.
Typically, the gas MT rotational frequency is from 50,000 to 120,000 rpm [24]. In twin-shaft
MTs, the compressor is on one shaft with a high-pressure turbine, which is gas-dynamically
coupled to a low-pressure turbine, which is on the same shaft as the electric generator.

Natural gas is not the only fuel that can be used for MTs; gases with low methane
content (around 30%), e.g., biogas, flare gas, or landfill gas, can also be used, which makes
MTs an advantageous solution in distributed generation systems [30].

Gas-fired MTs, operating in the so-called “open cycle”, have widespread application in
power engineering [34]. According to this cycle, atmospheric air is fed by a compressor into
the combustion chamber, into which fuel is also fed, after which the air, already heated to a
temperature of about 950 ◦C, limited by the heat resistance of the equipment, is supplied to
the turbine.

Currently, the electrical efficiency of gas turbines is around 25–35% [32,34,35]. Higher
efficiency values usually correspond to gas turbines with higher power output. By compar-
ison, the overall efficiency of gas turbines reaches 80–90% [30].

Rankine Cycle

The Rankine cycle and its variation—the organic Rankine cycle (ORC)—are currently
widely used in different industries. The high temperature of MT exhaust gases, which is
about 250–300 ◦C, creates opportunities to increase both electric and thermal efficiency of
gas-fired MTs by means of an additional circuit, which operates on the basis of the Rankine
cycle [36,37]. Steam MTs can be used for this purpose [34]. Low-frequency (3000 rpm) MTs
operating on primary or secondary steam with a temperature of about 130–350 ◦C and
pressure of 0.4–3.5 MPa are often used to increase the energy efficiency of boiler-houses and
CHP plants. Steam consumption for a 200 kW unit is in the order of 20 t/h [38]. However,
in systems with power ratings of several hundred kilowatts, it becomes difficult to ensure
acceptable performance using steam as the working medium, and so organic substances
are used.

Another example is the gasification of the biomass. Thus, the work [39] demonstrates
the efficiency of 49.29% for the power generation process. This value is achieved using
biomass gasification to produce synthesis gas, and, consequently, electric power in solid
oxide fuel cells and converting thermal energy into power in the ORC.

The type and properties of the low-boiling fluid must be taken into account when
designing ORC systems. For example, the paper [40] considers the application of the ORC
and steam boiler as a subsystem for recovering waste heat from exhaust gas in a CHP
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system. The maximum thermal efficiency and exergy efficiency of the CHP were found
to be 67.83% and 73.57% for R600, 68.05% and 73.89% for hexane, 68.57% and 74.62% for
toluene, 68.59% and 74.65% for cyclohexane, 68.62% and 74.70% for R601, 69.13% and
75.41% for R11, 69.17% and 75.47% for benzene, 69.19% and 75.51% for R123, respectively.

The work [41] presents investigations of the regenerative supercritical Brayton cycle
combined with the organic Rankine cycle. The energy source in the proposed cycle is solar
energy, which is concentrated in a black object with a heat exchanger heated to 1000 ◦C.
Molten salt passes through the heat exchanger, which then heats the supercritical fluid that
rotates the turbine generator. After making work at the expander, the supercritical fluid is
cooled by transferring the energy to the low-boiling liquid operating in the Rankine cycle.

According to [42], the ORC can be used in motor vehicles. Heat recovery from the
combustion engine allows heating of a low-boiling fluid, which can rotate the shaft of an
engine or an electric generator.

A scheme for generating thermal and electric power by means of a turbine operating
in the Rankine cycle is shown in Figure 1.
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generator; C—condenser; P—pump.

As can be seen from the scheme in Figure 1, after the turbine work between points
1 and 2 is done, which is converted into electric energy at the generator, then between
points 2 and 3 thermal energy is taken away from the water steam, with the steam condens-
ing into water. For further utilization of energy q, the ORC can be applied.

The working medium entering the SB (Figure 1) is heated in it to the temperature
of steam formation—Sections 4 and 5 of the diagram. Then, steam is generated in the
SB at constant pressure (isobar Sections 5 and 6) and superheated steam is produced in
the steam superheater (isobar 6–1). Superheated steam, the state of which corresponds to
point 1, enters the steam turbine T, where its adiabatic expansion takes place (adiabat 1–2).
The kinetic energy of the steam flow is used to rotate the rotor of the steam turbine, which
drives the electric generator, GEN. The exhaust steam enters the condenser, C, where it
is condensed in contact with the tubes, through which the coolant flows. The generated
condensate is transported by pump 7 to boiler SB. Area 1–2–3–4–5–6 in the TS-diagram
corresponds to the quantity of heat Q supplied in the cycle, and area 2–3–8–7 is equivalent
to the quantity of removed heat q. The shaded area 1–2–3–4–5–6 is equal to the amount of
heat converted into work.

The boundary 7–8 and the amount of thermal energy q in Figure 1 depend on the
minimum temperature to which the organic fluid can be cooled. The application of the
ORC improves the energy efficiency of the CHP system: previous research [36] showed the
electricity production increased by 30% and the electric efficiency reached 40%.



Energies 2022, 15, 2551 4 of 15

Allam Cycle

In paper [43], Rodney Allam and his colleagues presented the scientific justification
and results of a demonstration plant test for the new energy generation cycle that bears his
name. The oxygen-fuel energy cycle, using CO2 as the working medium and hydrocarbon
gas as the fuel, allows capturing up to 100% of emissions into the atmosphere, including
almost all CO2 emissions, and generating electricity, which is competitive with the existing
industrial power generation systems. In addition, the technology does not require any
additional CO2 capture equipment. The Allam cycle achieves this through a semi-closed
Brayton cycle with high pressure recuperation, using supercritical CO2 as the working
fluid. This significantly reduces the energy loss compared to steam and air-based cycles.
Furthermore, the fact that the system uses only one turbine with moderate dimensions and
requires fewer components than conventional hydrocarbon-fueled systems can also be seen
as an advantage.

A modified Allam cycle (Allam-Z cycle) with a simplified mixing system of NG/O2
combustion products and a further circulation of CO2 as the working medium for high
efficiency and zero CO2 emissions was proposed and investigated in work [44]. The essence
of the modification is that all working media in liquid state are pressurized by pumps
instead of compressors, whereas cold energy of liquefied oxygen and liquefied natural gas
(LNG) is used for water separation and CO2 liquefaction, and a set of regenerative heat
exchangers for heat recovery are installed at the turbine outlet. The paper presents investi-
gations on the influence of turbine parameters on the cycle characteristics. The comparison
results presented in the article show that the power output and equivalent net efficiency of
Allam-Z cycles are 2.15–2.96% higher than that of the Allam cycle.

Thus, the relevant task is to determine the optimum process parameters for a binary
energy system with gas and steam micro-turbines operating in a combined Brayton-organic
Rankine cycle. According to the research mentioned above, this article focuses on possi-
bilities for improving the efficiency of CHP generation processes in energy systems with
turbine units up to 500 kW.

2. Methodology of the Research
2.1. Object of the Research

Thus study investigated a binary energy system consisting of a main power unit
(MPU), which is a micro-gas turbine, and an auxiliary power unit (APU), which is a micro-
steam turbine. The working mode of this system is a combination of Brayton and organic
Rankine cycles. Previous investigations considered application of pentafluoropropane
(C3H3F5) as a low-boiling organic substance. The choice of this medium was due to the
power level of the energy system, which was around 1 MW. The present paper discusses
the application of trifluotrichloroethane (C2F3Cl3) as the working medium in the ORC
due to the lower range of required power. The considered rating for micro-turbine units
in the present investigation was up to 100 kW, which is in the power range for this type
of unit according to reviewed works. The main physical and thermal properties of the
trifluotrichloroethane (Refrigerant R113) are given in Table 1.

Table 1. Physical and thermal properties of the R113.

Property Value

Molecular weight 187.4
Density at 25 ◦C 1.56 g/cm3

Boiling point 47.5
Critical point density 0.57 g/cm3

Critical point pressure 3.406 MPa
Critical point temperature 214.3 ◦C
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The operational scheme of the investigated binary energy system is shown in Figure 2.
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Figure 2. Operational scheme of the investigated binary energy system combining main and auxiliary
power units [45].

2.2. Methods of the Research

The developed energy system was simulated in MATLAB Simulink and Aspen HYSYS
software [45–47]. Different low-boiling fluids, depending on available pressure and temper-
ature, can be used as working agents of the binary cycle [48,49]. The binary energy system
can also produce heat or cold energy. Depending on the residual energy potential of the
MPU exhaust gases, either high- or low-grade heat can be generated (with subsequent
possible cold energy production). Energy conversion is performed with regard to the
energy requirements of the consumers.

2.2.1. Simulation in Aspen HYSYS

The energy and material balance of the binary energy system was calculated with
Aspen HYSYS. The simulation model of the system is shown in Figure 3.
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The technological model uses the energy of the working fluid compressed in the
centrifugal pump to generate power by the expander. The liquid low-boiling medium from
the flow (1) is fed to a centrifugal pump (P-100), which compresses the liquid to 7 MPa.
Part of the flow is then evaporated in an atmospheric heat exchanger (E-101) and sent for
expansion to an expander (K-100). The expansion energy is used at the pump and the
low-pressure gas is fed back to the boost tank. The air stream with the preset composition
is supplied to the K-100-2 compressor, where the pressure is increased. The remaining
liquid refrigerant is evaporated in a combustion chamber (CRV-100), which is a reactor with
90% methane conversion and an outlet temperature of 950 ◦C. Gasification takes place due
to thermal inflows through the non-insulated walls of the vessels. From the combustion
chamber, the stream of heated gases flows into the expander K-101 working on one shaft
with the compressor K-100-2. The process is divided into two stages. The first (K-101) uses
energy to compress air in the K-100-2, and the second (K-102) generates electric energy.
Heated evaporated refrigerant is supplied to the input of the steam turbine and then, after
power generation, to evaporators E-101. There, the vapors are condensed and cooled,
giving up the heat to the gas stream. The cooling process is also divided into two stages:
pre-cooling in E-100 and condensation in V-100 vessel. The refrigerant is then pressurized
by the circulation pump and fed back to the heaters.

2.2.2. Simulation in MATLAB Simulink

To investigate electric energy generation processes using a binary system with gas and
steam turbines, modeling was carried out in MATLAB Simulink. Furthermore, due to quite
different characteristics of the MPU and APU (rotational frequency, voltage, current values,
etc.), synchronization of the working parameters of their generators should be carried out.

The mathematical model of a single-shaft gas turbine developed by Rowen in 1983
has three control circuits: temperature, rotational frequency, and acceleration [50]. This
model in its classical or upgraded form is widely used in simulation of power systems with
gas turbines. The structure of this gas turbine simulation model in MATLAB Simulink is
shown in Figure 4.
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Rowen [51].

Steam Turbine and Governor, a standard Simscape library block of MATLAB Simulink,
was used as a steam turbine unit [52,53]. Simulation modeling of the energy system
operation was carried out stage by stage. Thus, the first system includes a model of the gas
turbine, and models of a 30 kW permanent magnet synchronous generator with control
system, a passive rectifier with LC-filter, a stabilizing pulse width converter, and the load
model in the DC link.
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3. Results
3.1. Results of Simulation in Aspen HYSYS

The simulation in Aspen HYSYS was performed in stages. Figure 5 shows the simula-
tion model for the first part of a binary system with a gas turbine.
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According to Figure 5, the compressor is installed on the same shaft as the turbine,
which is divided into the models of Turbine-1 (to simulate the transfer of mechanical
energy from the turbine to the compressor) and Turbine-2 (to simulate power generation).
The combustion chamber burns a methane–air mixture to heat the compressed air, which is
fed directly to the turbine. The power at the turbine shaft with the selected technological
parameters of the process is about 60 kW. The exhaust gas temperature at the turbine outlet
is about 310 ◦C, which allows using this heat for power generation in the ORC.

The second part of the binary system (ORC) was also modeled. The model for the
organic cycle study is shown in Figure 6.
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3.2. Results of Simulation in Mathlab Simulink

The electrical design of the binary energy system, which ensures efficient parallel
operation of the MPU and APU, is shown in Figure 7.
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Figure 7. Electrical design of the binary energy system.

The simulation model includes gas and steam turbines with 60 and 15 kVA syn-
chronous generators respectively, passive diode rectifiers, stabilizing pulse width convert-
ers (PWCs), a common voltage inverter, an inductive-capacitive filter, and active-inductive
load. The developed model in MATLAB Simulink is shown in Figure 8.
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Figure 8. Simulation model for the electrical part of the binary energy system.

The simulation model was manually set up to simulate the operation of a gas turbine
and a steam turbine on one common DC link. The rated rotational frequency of the
micro-turbine was taken from the initial conditions, since the investigation of the dynamic
characteristics of the turbines in a binary energy system was not the subject of the study.

Figure 9 shows the oscillograms (from top to bottom): (1) apparent power; (2) DC bus
voltage; (3) load line voltage; (4) phase load current.
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For the first 0.5 s after switching on the electrical part of the binary system, which is
defined as a set of inverters and switching devices, the DC link is charged to 650 V. In the
1st second of the simulation, an active-inductive load of 59.2 kvar (active power 58 kW and
reactive power 12 kvar) is connected. In the 2nd second, an additional 4 kW active load is
connected, which is switched off at the 3rd second.

A step-up PID with negative voltage feedback was proposed to stabilize the voltage in
the PWC. The PID parameters were set, and the capacity and inductance of the DC link
were selected.

According to the results, the oscillations in the DC link at the rated load are about 3 V,
but can increase as a function of the load.

The oscillograms of the line voltage at the inverter output and the load line voltage
are shown in Figure 10. The average value of the line voltage on the load is 388 V.
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Figure 10. Oscillograms of the line voltage at the inverter output and the load line voltage.

A similar simulation was performed for the electrical system of the second part in the
binary system with a steam turbine. The oscillograms of the DC link voltage, line voltage,
and load current are similarly shown in Figure 11. In the 1st second of the simulation,
an active-inductive load of 20.6 kvar (20 kW active power and 5 kvar reactive power)
is connected. In the 2nd second, an additional 4 kW active load is connected, which is
switched off at the 3rd second.
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3.3. Techno-Economic Assessment of the Developed Energy System

Based on the exergy analysis performed by the authors earlier, it was established that
the total electrical power of the binary energy system can be calculated as follows [46]:

Pb.c. = Pr + (2·Pr·Ktu·Kl ·Kexh)·ηi,

where: Pr—rated electrical power of the unit;

Ktu—unit’s coefficient of technical usage;
Kl—unit’s coefficient of load;
Kexh—coefficient of the heat energy losses in exhaust gases;
ηi—internal efficiency of steam turbine cycle.

The values of the coefficients and internal efficiency of various steam turbine cycles
were obtained during the analysis of the energy facilities’ operation parameters and theo-
retical research. Thus, the coefficient of the technical usage for the gas turbines reflects the
time when the power unit was operational during the year (Ktu = 0.79–0.84). The coefficient
of the load shows the level of the unit’s loading (Kl = 0.8–0.9). The coefficient of the
heat energy losses in the exhaust gases was taken as 0.95. The results of the performed
simulations are in agreement with the equation mentioned above.

A basic techno-economic assessment of the energy system was conducted. The capital
(CAPEX) and operational (OPEX) expenditures of the proposed binary energy system were
compared with those of a diesel power plant and a micro-turbine power plant (without
the ORC part). The power systems were investigated under the conditions of the oil
field located in the Arctic region. The power output of the power systems was upscaled
to 1000 kW. Two types of fuels were considered: diesel fuel and petroleum gas. OPEX
included the cost of the fuel for the power units. The cost of diesel fuel for the diesel
power plant was 200% higher relative to its cost in the urban areas due to the need to
transport the fuel to the remote Arctic location by sea. This made this type of power
plant economically unfeasible after two years of operation. The micro-turbine power plant
had lower CAPEX and OPEX then the developed structure in the first year of operation.
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However, because of the additional amount of generated energy under the same fuel
consumption, the binary energy system had a shorter payback period. Initial calculations
showed the capital investments were recouped in six years.

The generalized energy flow chart of the developed binary energy system is presented
in Figure 12. This flow chart is drawn in such a way that the energy potential of the next
element is subtracted from the previous one. Thermal energy, which is acquired through
burning the hydrocarbon gas, at first is converted into electrical energy, and the rest may
be transformed into heat or cold. The energy potential is given in units. Thus, if the initial
energy is 100 units, then 50 units equal 50%, which is the total electrical efficiency of the
binary energy system.
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4. Discussion

The developed binary energy system can reach the electrical efficiency of 50% under
the conditions considered in the research. The indicated value correlates with the results
obtained by other researchers in similar works. In order to obtain high efficiency of
power generation in an ORC, the properties of the low-boiling medium should match the
thermobaric conditions of the technological process. Another important issue is the quality
of the generated power. The hydrocarbon gases and refrigerants are quite different power
sources, as are the corresponding gas and steam power generators. In order to synchronize
the operational parameters, correct power electronics should be used in the system.

4.1. Results of Simulation in Aspen HYSYS

The model constructed in Aspen HYSYS confirms the efficient operation of the devel-
oped energy system design. Higher efficiency of the power units is achieved if the selected
low-boiling medium corresponds to the operational conditions of the technological process.
The considered power ratings of 60 kW for the MPU and approximately 12 kW for the
APU (14.5 kW of power at the shaft of the generator with mechanical and electrical losses)
coincide with the power range of the micro-power units. In addition, other low-boiling
media can be selected under various thermobaric conditions.

4.2. Results of Simulation in MATLAB Simulink

The model constructed in MATLAB Simulink confirms the efficient operation of the
electrical part of the binary energy system. The major issue of the micro-gas and steam
power units is their different operational characteristics. Due to significant differences in
the rotational frequency of the shafts in the power units, their synchronization is a complex
process. Simulation of the functioning of the power electronics in the structure of the binary
system shows reliable and efficient parallel operation of the power units. The presented
oscillograms of the power, voltage, and current during connection and disconnection of
the load to/from the MPU and APU illustrate the quality and stable parameters of the
electrical energy in the power grid.
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5. Conclusions

The efficiency of the developed energy system reaches 50%. Although large-scaled
combined power systems can achieve higher efficiency, their application is not always
possible in remote conditions. The simulation performed in MATLAB Simulink and Aspen
HYSYS showed that the developed energy system can be efficiently used for the standalone
power supply of various consumers with power demand of several hundred kilowatts.
The gaseous fuel for the system may be natural gas, LNG, biogas, petroleum gas, etc.

The analysis of the use of different working cycles for micro-turbine units in modern
power systems was carried out. The operational parameters of micro-gas turbine and
micro-steam turbine units in a binary cycle were studied, taking into account the energy
efficiency of low-boiling medium application.

Modeling of operational modes of binary energy units was carried out with regard
to the identified energy-efficiency parameters of various analyzed low-boiling media to
calculate the material and energy balance of the processes. For this purpose, general models
of the considered energy processes and technological circuits were created.

There are several prospects for further research. If the gas turbine unit fueled by LNG
is used, additional energy can be obtained by selecting a low-boiling medium, which will
be condensed in the process of the cooling of the liquefied natural gas during regasification.
In addition, according to investigations of the Allam cycle, CO2 in a supercritical state
can be used as a low-boiling fluid, which will increase the efficiency of the process when
using liquefied natural gas as an energy source. Further investigations will consider
the application of the R744 refrigerant in the developed binary system to increase the
environmental safety of the power generation with hydrocarbon gas as an energy source.
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