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ABSTRACT: Calculations of the energy efficiency of the expander-generator unit under various operating conditions
during heating of natural gas in front of the expander using a heat pump unit were carried out. It is shown that the
introduction of expander-generator units in the gas supply system of the Republic of Uzekistan, with a properly selected
gas heating system, can be thermodynamically and technically and economically advantageous.The results of the
thermodynamic analysis of the developed energy-technological complex in the production of electricity are presented.
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I. RELATED WORK

Due to the fact that the temperature of the gas leaving the expander can be considerably lower than the permissible
operating conditions after expansion in the expander, the gas in the expander-generator unit (EDU) is heated. Typically,
this heating is done before the expander and in most cases utilizes high potential energy obtained from fuel combustion.
Although the thermal efficiency of EDU in this scenario is much higher than that of conventional power generation plants
(e.g. thermal power plants), it still requires fuel consumption to operate.

There is a method of operating expander installations that allows the use of low-potential energy from secondary
energy sources or the environment for gas heating before the expander [1-2]. With this method of expander operation,
there is no need for fuel combustion. Gas heating before the expander is carried out using a heat pump unit (HPU) that
increases the temperature of low-potential sources to the required level. EDU generates part of the electricity required
for HPU operation.

Il. INTRODUCTION

Fuel-free operation of EDU is also possible in installations that include an expander-generator unit, an air
compressor, and an air turbine as their main components [3-5]. The principal scheme of the installation, which can
produce both electricity and cooling, is shown in Fig.1.

The installation operates as follows. High-pressure gas 1 is heated in heat exchanger 2 with heat supplied by air
and is then piped 3 to the expansion in expander 4 before being piped 5 to the low-pressure gas pipeline. Atmospheric
air 6 is compressed in air compressor 7 and directed 8 to heat exchanger 2, where it loses heat to the gas from compression
in compressor 7 before being expanded in the air turbine 9. The expanded air is cooled in heat exchanger 10 before being
piped 12 to atmosphere (a variant is possible in which air is expelled after the air turbine directly to the atmosphere,
bypassing heat exchanger 10). A pump 13 is provided for circulating the coolant. The air compressor 7 is coupled with
the air turbine 9 and electric motor 14 forming a single rotor assembly. Some of the electrical power generated by power
generator 15 drives electric motor 14, with the remaining electricity being supplied to the grid.
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Figure 1. Schematic diagram of a fuel-free energy installation

Processes occurring in the air compressor and turbine (Fig. 2a) and expander (Fig. 2b) are represented in h-s
diagrams in Fig. 2. (For diagram simplification, gas and air pressure losses in the heat exchanger and piping are not taken
into account).

a) 8 b) 8
Figure 2. Processes in the h-s diagram

Air enters the compressor at ambient conditions (point Oa in Fig. 2a) with temperature Toa and pressure poa. The
air is compressed to the required pressure p1a (point 14), and then enters the heat exchanger where it is heated before
passing through the expander. The necessary pressure for the air after the compressor is determined by the temperature
T1a, Which is required for heat exchange with the heated gas at the outlet of the heat exchanger (for convenience, it is
assumed that the heat exchanger is countercurrent). This ultimately determines the necessary gas temperature T, before
the expander (Fig. 2b). After releasing heat to the gas in the heat exchanger, the air with parameters p2a and Taa (point 24
in Fig. 2a) enters the air turbine. The temperature T,a must be such that heat exchange can be achieved between the air
and the heated gas, meaning that the air temperature Toa must be greater than the gas temperature Toc. The expanded air
from the turbine, which performs mechanical work, enters the refrigeration heat exchanger with parameters at point 3y,
or is discharged into the atmosphere. The mechanical work produced by the air turbine is used to drive the air compressor.

The transported gas enters the installation from the high-pressure pipeline with parameters of pog and Toc (point
Og in Fig. 2b). When a throttling device is used for technological pressure reduction of gas, the gas parameters after
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throttling are determined by point 1¢ (assuming that the throttling process is adiabatic, which is sufficiently close to
realistic conditions). The gas in the heat exchanger is heated to parameters determined by point 2¢ on Fig. 2b by using
heat transferred by the air. After the heat exchange, the gas with parameters pac and Tor enters the expander. After
expansion, the gas enters the low-pressure pipeline (point 3¢ in Fig. 2b). The pressure psc is determined by the required
operating conditions of the pressure reduction station. The enthalpy hs: of the gas and its temperature Tsg after the
expander depend on the temperature to which the gas was heated before the expander and the internal relative efficiency
of the expander. Obviously, the gas after expansion in the expander may have an enthalpy either equal to, greater than,
or less than its enthalpy before the heat exchanger (as shown in Fig. 2b). The mechanical work produced by the expander,
proportional to the difference in enthalpies of the gas at points 2¢ and 3g, is converted into electrical power in the
generator. One part of that power must be used to drive the air compressor, while the other part, representing the useful
power generated by the installation, can be transferred to the electricity consumer.

Thus, the installation comprising the expander-generator unit, air compressor, and air turbine can generate useful
electrical power and cold without burning fuel.

To explain which energy is converted into electrical power in the installation, let us consider the energy flows
at its inlet and outlet (Fig. 3).

Gas Gas
——— —
hoe=f (Do, tas) hie=f (P36, ts6)

EDU+AC+AHE | o __,

—_
Air Air ———p

hos=f (Do, tos) hsa=f (D4, t24)

Figure 3 Energy Flow Diagram

The setup includes air with pressure poa and temperature Toa, and gas with pressure Poc and temperature Tos. At
the outlet of the setup, the air has a pressure of Psa and a temperature of Tsa, and the gas has a pressure of Psg and a
temperature of Tse. In addition, the setup produces electrical power Ne. The air flow rate at the inlet and outlet of the
setup is Ga, and the gas flow rate is Gg. The energy balance equation for the setup can be written as:

Guhga +Gahyg =Guhy, +Gohyg + N 1)
or
Gy, —hg,) =G (hyg —hye ) + N )

From equation (2), it can be seen that energy from the low potential energy of the surrounding environment,
proportional to the enthalpy difference of the air at the inlet and outlet of the setup, is used to produce electrical power
Ne and increase the enthalpy of the gas at the outlet compared to the inlet.

From the analysis, it can be concluded that to achieve maximum efficiency of the setup, the air temperature Tsa
at the turbine outlet should be as low as possible. This can be achieved by reducing the temperature difference between
the air at the outlet of the heat exchanger and the heated gas, as well as using air turbines with high internal relative
efficiencies.

To obtain analytical dependencies for calculating the useful power of the setup at various process parameters,
and to investigate the effect of these parameters on efficiency, a mathematical model of the setup was developed. It
includes a gas turbine engine, air compressor and turbine, and the following dependencies, conditions, and constraints
are included:

An equation to determine the useful electrical power of the setup, i.e. the power that can be delivered to the
consumer:

Nuer = Neoy + Nyr =N 3
Equations to determine the electrical power generated by the gas turbine engine:
Neoy =Gg - (N —hys) (4a)
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or:
Nepy = GchG (T —Tsg) (4b)
or:
k-1
K p ke
Nepy =GeToe T Rs (1~ [i e (4c)
ks =1 Poc
Equations to determine the electrical power generated by the air turbine:
N, =G,(hys =) (52)
or:
N ar :GAcpA'(TzA_TsA) (5b)
or:
ka-1
k Doy |
Nar =G, A RAT 51— 2 Mar (5¢)
kA -1 2A
Equations to determine the electrical power consumed by the compressor drive:
Ng =Gu(ha—hga) (62)
or:
Nc =GAcpA (T, —T,,) (6b)
or:
kol
k Ka 1
N,. =G, —A_RT,, (&J —1]—. (60)
ky—1 Pon T
Equations for the heat balance of the gas-air heat exchanger:
Gg - (Mg —hyg) =Ga(hy —ha )7 (7a)
or:
GsCr (Tye —To) = GaCp a (Toa = Toa) e (7b)

Dependencies establishing the relationship between the air and gas temperatures at the inlet and outlet of the
gas-air heat exchanger (assuming that the heat exchanger is countercurrent):

Ty=T+8 (8)
Tyn=Ty+9, ©)

Dependencies taking into account the pressure drop of air and gas in the gas-air heat exchanger:
Pya = Pia —AP, (10)
Pac = Poc —APs 1)

Change in the enthalpy of the gas stream (physical heat of fuel) upon further combustion:
AQgnp =Gg - (hys —hys) (12)
111.CONCLUSION

The air pressure at the inlet of the compressor and at the outlet of the air turbine (or at the outlet of the heat
exchanger of the refrigeration unit if present) is equal to atmospheric pressure. It should be noted that equations (4c),
(5¢), and (6¢) can only be applied when the pressures of the flows are small and the properties of the gas and air are
insignificant from the properties of ideal gas.

Calculations were carried out to estimate the useful power of the unit using the following initial data:
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1. The gas pressure at the inlet to the expander and at the outlet from it p0G = 5 MPa and p3G =1.5 MPa,
respectively.
. The electric power of the expander-generator unit is 5 MW.
. The gas temperature at the inlet of the gas-air heat exchanger is 0°C.
. The efficiency of the gas-air heat exchanger is 0.97.
. The efficiency of the compressor is 1C = 0.7.
. The efficiency of the air turbine is nAT = 0.85.
. The differences between the air and gas temperatures at the inlet and outlet of the gas-air heat exchanger are

~NaN LB WN

5°C.

8. No pressure drop of gas and air in the gas-air heat exchanger was taken into account.

Data from were used to determine the enthalpies of the gas and air.

Under the adopted conditions, the useful power of the unit was 2.05 MW, the power of the air turbine was 3.26
MW, and the power consumed by the compressor was 6.21 MW. The air temperature at the inlet of the gas-air heat
exchanger was 60.3°C, and the air temperature at the outlet of the air turbine was -27°C.

Thus, under the accepted conditions, the useful power of the installation turned out to be equal to about 40% of
the power generated by the expander generator unit.

1. The unit combining a deaerator generator set, air compressor, and turbine allows obtaining electric energy
without fuel expenses.

2. The useful electric power, i.e., the power that can be delivered to the consumer, under the adopted conditions,
is about 40% of the power generated by the EDU.
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