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Abstract: Worldwide concerns over energy optimization and harnessing have sparked a variety
of research on utilizing wasted energy. Natural gas, in particular, has been an essential energy
commodity for domestic and industrial applications. This paper approaches the same principle
throughout the Egyptian natural gas conventional national grid. The real case of Egypt’s Al-Alamein
city gas line extension is analytically studied for energy harness. Thus, this paper aims to study
the replacement of conventional energy-wasting pressure-reducing stations with power-producing
expander generator systems to utilize pressure reduction in electricity generation. The mathematical
equations that describe the energy recovery processes are presented. Reliable commercial software
is used to verify the possible implementation of turbo expander stations in three scenarios. Each
scenario is defined, and its main components and numerical parameters are introduced. Hence, the
resulting energy outputs and applicability of all scenarios are compared to provide adequate energy
recovery solutions.
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1. Introduction

Worldwide concerns over energy optimization and waste energy recovery have
sparked initiatives for various research. The main aim has been to harness wasted en-
ergy in common industrial applications. One of those approaches is to utilize natural gas
transmission lines with their rich gas flows and high pressure for electricity generation [1].
This can be achieved at the consumer destination, where expander generators can replace
conventional pressure-reducing valves.

Expander generators are turbomachinery expansion turbines that allow the passage of
gaseous fluids at high pressure through guided vanes and impellers that utilize pressure
drops to reach isentropic gaseous expansion. Then, the shafts are rotated at fixed speeds for
stable electricity generation. This effectively enhances traditional systems in hopes of rais-
ing efficiency, fuel saving and generating electricity from energy-dissipating conventional
systems [2]. A figure that describes the main components of the turbo expander is shown
in Figure 1. The utilized expander generator works with the same principle as the turbo
expander. The main difference lies in replacing the compressor with a generator attached
to the expander shaft.

On the contrary, conventional pressure-reducing valves rely on isenthalpic expansion
through which pressure is converted to velocity through a Joule-Thomson effect, causing
friction, heat dissipation and wasted flow velocity [3]. Global research has shown an
interest in energy recovery applications in general and in expander generator replacements
of conventional systems in particular.
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Figure 1. Basic diagram of a turbo expander.

Davide Borelli et al. have discussed waste energy recovery from a natural gas dis-
tribution network: the CELSIUS Project Demonstration [4]. The possibility of utilizing
natural gas pressure potential in Genova to generate electric power has been proposed
using an expander generator system. This system combines heat and power unit linkage
of Genova’s present district heating network. The energy recovered from this system was
found to be 2.9 GWh/year of electricity savings which is equivalent to more than 1000 tons
of CO2/year of natural gas saved.

Imran Nazir et al. studied the expected power production potential of various unit
sales metering stations (SMS) of an SSGCL company by simulating the HYSYS model [5].
The simulated system relied on the expander generator’s power utilization from a natural
gas high pressure-high flow. The obtained results were 1.7 MW of electricity savings in
one SMS.

Saif Ul Islam et al. presented an energy recovery system at a natural gas regulating
station by replacing the pressure control valve with a turbo expander using Aspen HYSYS:
A WAH +5SMS (sales metering station) located in Pakistan was used in this study [6]. The
obtained results show power saving of up to 180 kW based on 80% conversion efficiency
that can be produced by installing a turbo expander at the city gate station.

Furthermore, Golchoobian et al. presented research on thermodynamic analysis of
turboexpander and gas turbine hybrid systems for gas pressure reduction stations of a
power plant [7]. The aim of this study was to utilize pressure-reduction energy waste in
driving a turboexpander. The thermal energy of the gas turbine outlet was also used to
preheat the turboexpander inlet gas. These results illustrate the way that the turboexpander
preheating power savings are more than 1200 kW. The turboexpander produced mechanical
power of more than 950 kW and cooling power between 2700 and 5300 kW for the warm
months of the year.

Mihaela NORISOR et al. studied energy recovery in pressure reduction stations of
natural gas using expander generators [8]. The aim of this research was to investigate the
considerable decrease in temperature at the exit of the turboexpander. Two solutions were
studied. Firstly, the natural gas preheating solution is to burn gas share in a furnace prior
to its expansion in an expander generator. The second solution is a gas intermediate pre-
heating and fractional expansion to avoid condensate formation and prevent the expander
generator application from falling into the cryogenic low-temperature operation zones.
These calculations indicate that reducing the natural gas pressure from 20 bar to six by
expanding it in a turbo expander leads to negative gas temperatures at the turboexpander
outlet. The solution of preheating the natural gas up to 80 °C by burning a share of the gas
in a furnace led to a gas temperature of 10 °C at the turboexpander outlet. Thus, removing
the temperature limitation issue.

Regarding Egypt’s research approaches to energy harness generally and on expander
generator replacements of conventional systems. Doaa M Attia et al. discussed the organic
Rankine cycle (ORC) based on geothermal energy for power generation in Egypt [9].
The design of a binary cycle power plant was addressed. This design utilized the low-
temperature geothermal resources of temperatures up to 92 °C and four alternative working
fluids—Butane, Isobutane, Pentane and 1,1,1,3,3-Pentafluoropropan (R245fa)—were used.
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Bir Nabi is a well under construction in the eastern desert of Egypt. The paper proposed a
design of an ORC binary power plant for low-temperature geothermal resources to suggest
a proper system for geothermal energy harness.

Omar Aboelwafa et al. studied power generation using waste heat recovery by Organic
Rankine Cycle and steam Rankine cycle in the cement industry [10]. The need for the use
of ORC for power generation is addressed when compared to the steam Rankine cycle in a
cement plant in Egypt. Aspen HYSYS was used to build the simulation model in which
water and methanol have been investigated. The comparison is based on parameters such
as net power output, efficiency, and profitability analysis. As a result, the authors were able
to perform a comparative analysis of waste heat recovery in an existing Egyptian cement
plant using the ORC and steam Rankine cycle.

Mostafa A. Elshahed et al. discussed the recovery of lost power in natural gas pressure
reduction stations using hybrid expander generators and fuel cell systems [11]. Hybrid
single/dual expander generators and fuel cells were used to capture lost energy in El-
Mansoura pressure-reducing station (PRS) and produced electrical power that could be
supplied to the grid. El-Mansoura PRS was selected specifically because of the high-
pressure and high flow rate. It was found that the optimal efficiency for this PRS was
achieved when using a 15,000 m?/hr. Single turbo expander with a 300 KW fuel cell power,
signaling an increase in the fuel used for preheating by 116,362,557 m> annually.

In correspondence with all the previous research, their methodologies and energy
harness objectives, this paper endorses the same approach for the development of a case
study for energy recovery and its utilization on a specific sector of the Egyptian natural gas
national grid. Such a specific sector was chosen to be the new gas extension line to New
Al-Alamein city due to the following reasons:

1. New cities usually seize governmental interest and effort for the provision of
adequate infrastructure and the facilities necessary to rise with population demands and
attractions. At a proper cost and energy promise, such an energy recovery solution can add
value to the supply of some of the electricity needs of the city in a green and efficient way.

2. The extension line is currently undergoing construction phase. Hence, natural
gas supply has not been linked yet to allocated cities. This provides practicality for new
approaches beside the rejuvenation of existing conventional pressure reducing stations.
Thus, no down time is at stake and no initial costs are brought to waste.

1.1. Egypt’s Natural Gas Extension to New Al-Alamein City

Egypt’s natural gas transportation policy regarding the national grid is known to sus-
tain a source pressure of 71 bar to 53 bar throughout various natural gas processing plants
scattered across Egypt. Such an approach allows the compressed gas to travel through
reduced transportation pipe sizes so that when consumers’ destinations are reached, the
pressure can be reduced to eight bar to ensure safe gas travel through the inner transmission
grids of Egyptian cities.

Regarding natural gas supply to thermal power plants commodities, it is globally
known that this ranges from two to 44 bar based on the burner’s module. Given Egypt’s
natural gas national company’s transportation policy, this is set to be supplied at eight bar
whenever a thermal power plant application is approached. Potential consumers for these
new extension lines are shown in Table 1.

As for the ongoing routing of the New Al-Alamein city gas line, Figure 2 shows a
screenshot from Google earth for the current planning phase.

The natural gas feed in this region is supplied from the national grid through the
Western Desert Gas Complex located in the city of Amreya. Such a gas treatment facility
processes the feed of the gas wells by separating water content and natural gas condensates
among the other gas constituents, such as ethane, propane and butane for petrochemical
use and gas export. The remaining natural gas, composed mostly of methane, is then
passed to the national gas grid for city pipeline transportation. Hereby, this gas is fully
treated through dehydration and drying packages that extract water vapor content and
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condensate gas Cs,. The ongoing pipeline extension is connected to the existing national
grid through the Al-Galaa pressure regulating station (17 km from the Western Desert Gas
Complex). The distance between the Al-Galaa pressure station and New Al-Alamein city is
120 km. In addition to New Al-Alamein city, this line also serves other close cities such as
El Hamam and Borg El Arab. Hereby, the expected natural gas flow rate supply of the New
Al-Alamein city extended line is thoroughly shown in Table 1.

Table 1. Potential natural gas consumers for the new extension line.

Million Metric Standard Cubic

Consumers Off-Take Pipe Size Distance in Km Meters per Day (MMSCMD)
32" pipeline planned 32" 120 9.936
Borg Al-Arab Off-Take
(West Alex., Midor and MidElec) 24" 24 3.24
24" Borg Al-Arab pipeline
El-Omayed city Off-Take 8" 52.5 0.48
HAMAM city Off-Take 8" 67.5 0.48
REGAS Co. Off-Take 16" 106.5 1.8
El Alamein Petrochemical New Complex 16" 120 1.536

Figure 2. The New Al-Alamein city gas pipeline extension, in addition to the planned SIEMENS
thermal power plant geographical location (a screenshot taken from Google Earth).

1.2. SIEMENS Thermal Power Plant in New Al-Alamein City

Nowadays, New Al-Alamein city is undergoing up-to-date developments and exten-
sions that include the construction of a SIEMENS thermal power plant combined cycle [12].
This SIEMENS thermal power plant will be situated approximately 20 km away from the
Al-Alamein gas extension line’s end, as shown in Figure 2.

1.3. Research Objectives and Optimization Criterion

The objective of this paper to thoroughly inspect the potential of energy recovery
in the gas extension line through which energy waste can be utilized effectively in the
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supply of green energy to New Al-Alamein city. In order to achieve such goal, a real case
study of new gas extension line was studied, and practical scenarios and locations were
suggested as to where such expander generator pressure reducing systems may be placed.
Input parameters for proposed systems at their suggested locations were theoretically
derived, and simulation through a commercially available software was implemented to
estimate energy output at each scenario. Limitations of safe operation of such systems were
considered, and scenarios were compared throughout a specific optimization criterion to
select the most favourable scenario.
The main optimization goals in this research can be summarized as follows:

(1) Maximize energy recovery output in the form of useful power with the least energy
input requirements of the proposed systems.

(2) Minimize dependency of fuel consumption as a source of heat addition of proposed
systems to overcome hydrate formation constraints.

This paper is summarized as follows; the methodology of this research is presented in
Section 2. The modelling and simulation of the three scenarios are presented in Section 3.
The obtained results are detailed and discussed in Section 4. Conclusion and future work
are presented in Section 5.

2. Methodology

The presented scenarios in this paper are governed by global energy recovery practices.
Pressure potential difference in gas grid can be utilized in the following approaches:

1. Electricity generation

2. District cooling

3. District heating (not applicable for the Egyptian climate)
4. Combined power/cooling cycles

Scenario 1 proposes the maximum attainable electricity generation through the ap-
plication of the total inlet gas feed of Al-Alamein city in an expander generation system
and studies the implications (energy demand) of preheating requirements through a fuel
consuming preheater.

Scenario 2 proposes electricity generation with no energy input cost by preheating the
gas inlet feed of an expander generator system through the exhaust gas outlet of the gas
turbines present in New Al-Alamein’s thermal power plant.

Scenario 3 proposes a power/cooling system in New Al-Alamein’s thermal power
plant to supply electricity, in addition to cooling capacity that can be used to:

e  Enhance the volumetric efficiency of thermal power plant thermal power cycles.

e  Satisfy New Al-Alamein’s thermal power plant cooling loads with energy recovered,
thus saving energy even more by refraining from a vapor compression cycle and
utilizing energy recovery instead.

e  District cooling.

To implement the previously mentioned scenarios. The new system needs to be
modeled. Real field data have been acquired from the natural gas company in Egypt. These
parameters are summarized in Table 2. Additionally, the chemical composition of natural
gas is needed in the next models and is detailed in Table 3.

Table 2. Real field data for Al-Alamein gas extension line.

Maximum gas Line Pressure Inlet (Pj,,y) 71 bar

Minimum gas line pressure inlet (Py,,;;,) 53 bar

Pipeline travel distance (L) 137 km
Pipeline nominal diameter (D) 0.8128 m

Total gas volume flow (Qs4) 9.936 MMSCMD
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Table 3. Chemical composition of natural gas at pipeline inlet.

Substance Composition %
Methane 90.5884
Ethane 4.2604
Carbon Dioxide 3.7318
Nitrogen 0.6717
Propane 0.5586
Normal Butane 0.0812
Iso Butane 0.0597
Iso Pentane 0.0188
Normal Pentane 0.0151
Cé6+ 0.0143

The density of the mixture at standard conditions is 0.763 kg/m?3.

2.1. Modeling Scenarios for Energy Recovery

As mentioned earlier, there are three proposed scenarios for energy recovery in this
paper. As shown in Figure 3. The first scenario proposes the placement of an expander
generator pressure-reducing station at a pipeline travel distance of 106 km, just 0.5 km
before the old Al-Alamein natural gas supply takeoff. This station will be located at
Petroleum Street and will utilize the quota for new and old Al-Alamein cities of a total
natural gas flow of 5.736 MMSCMD.

Geographical study of New AL-Alamein natural gas pipeline extension

Selection of target city for energy generation (New AL-Alamein city)

Scenario 1 Scenario 2 Scenario 3

Study of the natural gas quota for AL-
Alamein city from the pipeline extension

Scenario 1 geographical location

Calculation of P2 using Panhandle
equation

Equipment layout for expander generator
system

Scenario modeling via Process simulation
software

Study of the natural gas quota
from AL-Alamein new powerplant

Scenario 2 geographical location
(Al-Alamein new powerplant)

Calculation of P2 using Panhandle
equation

Equipment layout for expander
generator system

Scenario modeling via Process
simulation software

Study of the natural gas quota
from AL-Alamein new powerplant

Scenario 3 geographical location
[Al-Alamein new powerplant)

Calculation of P2 using Panhandle
equation

Equipment layout for expander
generator system

Scenario modeling via Process
simulation software

Scenario evaluation via quantity of energy recovered and scenario practicality

Results and discussion

Figure 3. The proposed energy recovery scenarios.

The second and third scenarios propose the placement of an expander generator
pressure-reducing station at the New Al-Alamein SIEMENS combined cycle power plant.



Energies 2022, 15, 9077

7 of 17

This station will be close to the coastal side of Sidi Abd El Rahman at 20 km from the end of
the New Al-Alamein city pipeline extension. For compressible gases, pressure calculation
at any travel distance through a pipe can be identified by a set of equations. The equation
recommended for use in this work is the Panhandle equation, as it is one of the most widely
used equations for long lines transmission and delivery research fields [13].

The Panhandle rule consists of two similar equations known as Panhandle A and
Panhandle B. The choice between both equations depends on the range of Reynolds number
of the actual gas flow in the pipeline. Hence, the Reynolds number needs to be derived and
assessed. If the Reynolds number is greater than 14 x 10°, Panhandle B is recommended.
Whereas a Reynolds number between 4 x 10° to 14 x 10° recommends Panhandle A.

2.2. Utilizing Reynolds Number and Panhandle Equation
To calculate the Reynolds number, the following steps are considered:

1.  Inlet pressure at the gas extension line starting point as shown in Table 2.

Isothermal average temperature of natural gas is 30 °C.

3. Natural gas composition is taken as an average from the natural gas chemical compo-
sition previously shown in Table 3.

4. Standard volume flow rate of 9.936 MMSCMD at starting point and 5.736 MMSCMD
at the destination of the first scenario expander generator pressure-reducing station.

5. The compressibility factor Z which depends on:

N

a.  The chemical composition of natural gas
b.  Whether specific gravity is calculated and found to be 0.598834.
c. Whether the pseudo-reduced temperature is calculated as can be seen in

Equations (1) and (2) [14]:

P

P=— 1

= M
T

T, = — 2

=T @

The compressibility factor (Z) at the line’s starting point at the Western Desert Gas
Complex is 0.855 at Py, and 0.885 at Py,;,. Hence, the Reynolds number shall be calcu-
lated using Equation (3) as follows:

Re=(VxD)/ vy ©)]

where D is the pipe inner diameter accounted from ASME B36.1. The standard natural
gas volume flowrate was used to calculate actual gas flowrate in m3/s as can be seen in
Equation (4), where as P, is substituted with Py,,, = 71 bar [15]:

Z X Pypse X Taet X Qgpa
P act X Tbase

Quct = (4)

As a result, Q¢ from the equation is 1.4773 m3/s and by considering the equation,

Quact = Aflow X Vact ®)

Vet is found to be 3.1 m/s and the Reynolds number is calculated as 10.69 x 10°.
The same steps are recalculated at Py, = 53 bar, Qg = 9.936 MMSCMD and Z = 0.885.
The resultant V,; is found to be 4.3 m/s. Thus, the Reynolds number is calculated as
11.35 x 10°. Since the Reynolds number at the starting points of the pipeline is less than
the limit 14 x 10°, Panhandle A is applicable and is used to estimate the pressure of natural
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gas arrival at the first scenario (106 km pipe travel distance). Panhandle A equation is
mentioned in Equation (6) as follows [16]:

[ Py L0788 P2 o2 O
= 4.5965 x 107°E ”S‘f) ) (=Ll —¢f2 « D26182 6
Qsta <Tbuse GOSMT, .7 (6)

The input parameters for the previous equation are listed in Table 4. By substituting
the pipeline pressure range supply at scenario 1. Py, is found to be 68.3 bar and P,,,,;,, is
49.2 bar.

Table 4. The input parameters for Panhandle A equation.

Symbol Name Numerical Value
e 1
Le 123 km
D 0.672 m
E 0.92
Z at Py 0.885
Z at Py, 0.855

By considering the pressure drops due to geographical elevation differences and minor
valve, elbow, and fitting losses, the simulation pressure range used for scenario 1 will be
67 bar maximum and 48 bar minimum. Additionally, the Reynolds number in both cases is
found to be 6.2 x 10° and 6.54 x 10° respectively.

The same calculations are used for scenario 2 and 3. Hence, the arrival pressure at New
Al-Alamein combined cycle station (20 km away from the extension line’s end and with a
pipeline diameter of 0.4064 m, 1.03 MMSCMD) would be Pyyy,sx = 66 bar and Py,,;,, = 47 bar.

2.3. Principal Requirements for System Modeling

There are several technical settings that should be considered for modeling the sug-
gested expander generator system. Due to the nature of the isentropic work that would be
exerted on the expander generator by the inlet feed stream, the hydrate point of the natural
gas must be taken into consideration in all scenarios. Hereby, for scenario 1, it is essential
that a gas heater is introduced just before the expander generator, and that the fuel that is
used be from an external supply. In addition, the chemical composition of the inlet natural
gas stream is taken to be the average mentioned previously in Table 3.

Following the same pressure gradient calculated above through Panhandle A, the
pressure outlet of the expander is set to 10 bar to reserve pressure for the delivery of natural
gas to the farthest client in the line. The temperature outlet will be assumed to be —6 °C
and will be checked with the hydrate point. The desired modeling outputs are the expander
power variation to the pressure inlet and the rate of heat flow of the heater variation to the
pressure inlet.

As for the second scenario, an expander generator system is used in the natural gas
feed’s inlet for the New Al-Alamein thermal power plant. The benefit of this system is to
utilize gas turbine’s exhaust gas to avoid hydrate formation occurrence at the expander
generator’s natural gas outlet feed. This will be achieved by taking a feed from the on-
service gas turbine’s exhaust gas and passing it onto a heat exchanger with the reducing
station’s inlet natural gas feed.

As with the new SIEMENS power plant station in the administrative capital [17],
the New Al-Alamein combined cycle station (CCS) will be assumed to have 8 SGT-800
50 MW version whereas each two gas turbines are linked to one steam turbine combined
cycle to produce the required total output of 480 MW for the CCS. Therefore, the expected
exhaust gas exit temperature from the gas turbine is 560 °C, whereas each gas turbine has
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an exhaust gas mass flow rate of 124.7 kg/s. This makes the mass flow rate of the exhaust
gas from the eight gas turbines reach a sum of 997.6 kg /s [18].

The heat exchanger temperatures in the simulation software are as follows, exhaust
gas feed temperature inlet is 560 °C. Exhaust gas feed temperature exit is 100 °C. The
natural gas feed temperature inlet is 30 °C while natural gas feed outlet temperature is
130 °C. Additional input parameters are added to the simulation software as follows:

The natural gas input feed stream is 1.03 MMSCMD
The expander generator inlet pressure range is set to 65 bar maximum and 46 bar
minimum.

e  The output pressure of the expander generator is set to eight bar.

The third scenario is to apply an expander generator system onto the inlet of the
natural gas feed and utilize the temperature drop at the expander generator outlet onto a
chiller heat exchanger. This scenario can be proven very useful in utilizing the pressure
wasted energy to its full, producing both electrical power and cooling capacity that can be
used by the CCS. The presumed parameters for this scenario must be:

No water particulates are present in the natural gas feed stream.

The volume flowrate 1.03 MMSCMD.

Natural gas inlet feed temperature is 30 °C.

The expander generator inlet gas pressure range is set to 66 bar maximum and 47 bar
minimum.

e  The output pressure of the expander generator is set to nine bar.

The presumed outputs for both models 2 and 3 are the expander power variation to
the pressure inlet, the expander generator exit temperature, and the thermal fluid suitable
to withstand the application’s low temperature.

3. Modeling and Simulations

In continuation of the work mentioned in the previous section, the process simulation
software setup will commence by defining the chemical composition of the natural gas as
the main working fluid for this model.

Next step is to enter the simulation tab and create a material stream of natural gas.
The input properties will vary depending on the scenarios, but the chemical composition
percentages will be fixed as can be seen in Table 3. The whole proposed simulation sequence
is shown in Figure 4.

Modeling and Simulation

P2, T1, NG chemical

Process simulation software Recovered energy to Pz curve

v

efficiency

composition, Qs I
I

Expander isentropic

Figure 4. Modeling and simulation in the process modeling software.

The final step is to select the isentropic efficiency for the expander generator. The
isentropic efficiency is ranged to be between 80% to 90% [7]. A fixed average of 85% has
been chosen in this paper’s model.

3.1. Simulation of the First Scenario

The simulation model of the first scenario is shown in Figure 5. The main components
of the model are the natural gas heater, the expander generator, inlet natural gas feed and
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the output natural gas. Their numerical values are added to the model that is shown in the
same figure.

NG1

Temperature

c
v

Heater

Feed Tempersture

30.00

(]

.
ﬁ‘ERGY Product Temperature

113.3

Duty

10.59

MW

Heater

NG2

Generated  Expander
Generator

-
& NG3
pr—
Power

Pressure

87.00

bar

Expander Generator

Molar Flow

203.0

MMSCFD

NG3

Temperature

-8.000

r
v

Pressure

10.00

bar

Molsr Flow

203.0

MMSCFD

Feed Pressure

87.00

bar

Figure 5. Modeling of the first scenario using the commercially available software.

Product Pressure

10.00

bar

Molar Flow

203.0

MMSCFD

Isentropic Efficiency 85

Power

11.22 [MW

The output natural gas temperature is —6 °C while its pressure is 10 bar. These values
will not cause a hydrate formation on the expander exit. According to the analysis tool of
the process software, the hydrate formation will exist at a temperature of —7.137 °C and a
pressure of 10.479 bar. Hence, this solution is considered a safe and applicable scenario.

3.2. Simulation of the Second Scenario

The simulation model of scenario 2 is shown in Figure 6. The main components of
the model are the gas preheater, the expander generator, inlet natural gas feed and the
output natural gas. Their numerical values are added to the model that is shown in the
same figure. In addition, the flue gas composition is detailed in Table 5.

Figure 6. Modeling of scenario 2 using the commercially available software.

Flue Gas in
Temperature | 5600 | C
Pressure 1.088 | bar
Meolar Flow 2,874 | MMSCFD
NGZ22
-—
Flue Temperature | 1300 |C
Gi
inas Pressure 85.00 | bar
Molar Flow 32.00 | MMSCFD
- Y —
NGT1 ~ NG22 -
Gas NG23
NG11 Heater —
Temperature | 20.00 |C Exgander NG332
G tor-2-2-2
Fressure 86.00 |bar B Tempersture | -1.556 |C
Meglar Flow 32.00 [ MMSCFD Pressure £.000 | bar
e Molar Flow | 22.00 | MMSCFD
Gas ——
Cut Fower
Gen
Flue Gas Out
= 4 1;; Gu Expander Generator-2-2-2
t £o|c
emperature Feed Pressure 65.00 | bar
Pressure 1.000 | bar
PR 03 TiSerD Product Pressure 8.000 | bar
Mo ow 874 | MMSC
arrow ! Molar Flow 32.00 | MMSCFD
Isentropic Efficiency 85
Power 2023 | MW

The output natural gas temperature is —1.556 °C while its pressure is eight bar. These
values will not cause a hydrate formation on the expander exit. According to the anal-
ysis tool of the process software, the hydrate formation will exist at a temperature of
—12.426 °C and a pressure of 12.533 bar. Hence, this solution is also considered a safe and

applicable scenario.
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Table 5. Flue gas composition percentages in the simulation model.

Flue Gas in Composition Mole Fraction

Nitrogen 0.76
CO, 0.04
Oxygen 0.12
H,O 0.08

3.3. Simulation of the Third Scenario

The simulation model of scenario 3 is shown in Figure 7. The main components of the
model are the expander generator, chiller heat exchanger, inlet natural gas feed and the
output natural gas. Their numerical values are added to the model that is shown in the
same figure.

-
Chiller
Rated
Fower
NGT—‘ NG2-3 NG1-2-2
< —_— Chiller
Power
Generated-2 Expander
NG1-2 Generator-2 NG2-2 NG1-2-2
Temperature | 20.00 |C Temperature | -78.18 | C Temperature | -11.00 |C
Pressure 88.00 | bar Expander Generator-2 Pressure 9,000 | bar Pressure 8.000 | bar
Moler Flow | 38.40 | MMSCFD | | Feed Fressure 6.00 | ber Malar Flow | 28.40 |MMSCFD | |MolarFlow | 38.40 | MMSCFD
Product Pressure 9.000 | bar
Malar Flow 368.40 | MMSCFD
Isentropic Efficiency 85
Power 1.487 | MW

Figure 7. Modeling of scenario 3 using the commercially available software.

The output natural gas temperature is —78.16 °C while its pressure is nine bar. No
hydrate formation will occur in this scenario due to the presumed absence of water par-
ticulates in the natural gas feed stream (or by using molecular sieve as extra preventive
measure). Hence, this solution is also considered a safe and applicable scenario. The exit
temperature of the expander stream from all the previous scenarios will be used later in the
results and discussion section in order to size the chilled system heat exchanger.

4. Discussion and Results

The generated power from the first scenario model is calculated where the full natural
gas stream to old and New Al-Alamein city is passed through an expander generator, the
power generated is as shown in Figure 8.

The maximum electrical power recovered from the expander generator system at
67 bar gas pressure inlet is 11.22 MW. The required natural gas preheater thermal energy is
shown for that scenario in Figure 9.

The design thermal load for this preheater at the highest gas pressure inlet (67 bar) is
10.59 MW. This would result in an expander generator inlet feed temperature of 113.3 °C
and an expander outlet temperature of —6 °C. For this scenario, the amount of energy
recovered is vast given the high amount of gas volume flowrate allocated to both old
and new Al-Alamein. However, the practicality of this scenario is in question due to the
following points:

e  Despite the high-power output of this scenario, input energy requirement represents
94% of the total electricity generated. This is due to the high thermal consumption
needed for the heater to avoid hydrate formation. In addition, the utilized gas heater
will consume an external fuel source that would contribute to carbon emissions. Thus,
efficient power generation is not achieved.
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e The electricity grid connection will not be close to the pressure reducing station
because of its presence in the outskirts of the city. Thereby, the added cost of electrical
transmission lines will affect the total cost.

Expander Power to Pressure Inlet Variation in Scenario 1
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Figure 8. Expander power to gas feed pressure curve for scenario 1.
Heater Consumption to Pressure Inlet Variation in Scenario 1
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Figure 9. Heater consumption per gas feed pressure curve.

For scenario 2, the expander generator is utilized to provide the pressure reducing
station of the New Al-Alamein SIEMENS thermal power station, the power generated is as
shown in Figure 10.
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Expander power to pressure inlet variation in Scenario 2
2.350 2 =
2300 A
A
_ A
A
2.250 A
A
s A
A
g,_’ 2.200 A
2 A
s ] A
3 A
c 2150
3 A
ui . A
A
2.100 A
. A
A
2.050
A
i Y
2.000 T T T T T T T T T T
46.00 48.00 50.00 52.00 54.00 56.00 58.00 60.00 62.00 64.00 66.00

Pressure inlet (bar)
Figure 10. Expander power to gas feed pressure curve for scenario 2.
The maximum electrical power recovered from the expander generator system at

65 bar is 2.3 MW. The volume flow rate of the gas turbine exhaust necessary to avoid
hydrate formation is shown in Table 6. It is equal to 3.564 x 10* m?/h.

Table 6. The volume flow rate of gas turbine exhaust gas that is necessary to avoid hydrate formation
(simulation software results).

Exhaust Gas Stream Properties Values
Molecular weight 28.33

Molar density (kg-mole/m?3) 0.0157
Mass density (kg/ md) 0.4447
Actual volume flow (m®/h) 35640

These simulation results are compared by theoretical calculations to check the applica-
bility of such exchanger through size and type. First, to identify the exchanger type, the log
mean temperature difference will be calculated using the following equation.

ATy — AT,

ATy
lnA—T2

@)

AT pmrDp =

By recalling the following temperatures,

Thot in — lexhaust in = 833 K

b Thot out = Texhaust out = 373 K

o Teoid in = TNatural gasin = 303K
o Teotd out = TNatural gas out = 403K
° ATrprp = 198.3K



Energies 2022, 15, 9077

14 of 17

For exhaust gas inlet feed flow rate calculation, the specific properties of exhaust gases
at inlet temperature are acquired from flue gas properties tables as follows:

e C,=1180]/kg
PExh = 0.43 kg/m?
e 1=3686x10"°kgm ls7!

Whereas the natural gas properties with respect to its chemical composition is:

e Average C, =2490]/kg
ONG = 0.763 kg/m3
myg =9.1026 kg/s

By using thermodynamics heat balance equation.

Mgy, X Cppyy X ATy = ting X Cpng X ATngt )

g, = 4.176 kg/s

Therefore, the actual volume flow rate of the exhaust gas at the exchanger inlet
is 3.496 x 10* m®/h. Hereby, when comparing theoretical and simulation results, the
percentage of error is as minimal as 1.9%. The practicality of such a scenario is observable
because there is no added cost of thermal energy through an external fuel source. Instead,
thermal energy addition is acquired from exhaust gas utilization. Thus, wasted energy is
efficiently utilized with the least input requirements.

On the other hand, the flowrate of the exhaust gas feed required is minimal when
compared to the resultant full exhaust gas from the full thermal combined cycle plant
(4.176 kg/s to 997.6 kg/s). In this way, the heat steam recovery generator (HSRG) perfor-
mance is not affected. Additionally, the electricity grid will be at the vicinity of the thermal
power plant. Thus, power transmission lines will not travel for long distances. Finally,
in scenario 3, the natural gas outlet from expander generator is passed to a chiller heat
exchanger. The expander power generated per pressure input is shown in Figure 11.

The maximum electrical power generated from the expander generator system at
66 bar gas pressure inlet is 1.467 MW. Whereas the temperature of the natural gas outlet
from the expander is found to be —78.16 °C.

Given such a low temperature, the refrigerant on the shell side of the chiller must
be carefully selected to avoid freezing through such cold temperatures and during shut-
downs of such a system. In this case, glycolated water is incompatible due to such a
low temperature of natural gas outlet from expander. Hereby, it is found that a synthetic
hydrocarbon blend fluid can be used instead. Consequently, Paratherm CR is suggested
for this application, as it can withstand temperatures as low as —88 °C without risk of
freezing [19].

The thermophysical properties of this fluid is then obtained through the official manu-
facturer website. The density of such a fluid is found to be ppsathern = 833 kg/ m? and the
specific heat capacity is Cpysatherm = 1905 ] /kg.

By considering the following temperatures for the Tubular Exchangers Manufacturers
Association (TEMA), the chiller heat exchanger’s size is based on the following assumptions.

Thot in — TPurutherm in — 285 K
Thot out — TPuratherm out — 279 K
TCOld in — TNaturgl gas in — 194.84 K

Tcold out — TNatural gas out — 262 K

Overall heat transfer coefficient for gas at high pressure inside and liquid outside the
tube is U = 200 %5 K.

The log mean temperature difference is calculated as previously discussed and it is
found to be ATy 7p = 47 K, the tube side is then chosen to be the natural gas side while
the shell side is to be the Paratherm CR fluid.
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Expander power to pressure inlet variation in Scenario 3
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Figure 11. Expander power to gas feed pressure curve in scenario 3.

Next, by applying heat balance equation;

Q4 = Mpgratherm X CPamtherm X ATPuratherm = myg X CPNG X ATNGZ (9)

The acquired cooling load is 4 = 1.249 MW and the mass flowrate of the synthetic hy-
drocarbon blend is tp,,qerm = 109.274 Kg/s. Hereby, the Paratherm CR volume flowrate
required for this system is 472.25 m3/h.

From the above equations, the number of tubes required for the natural gas tube side
(n) can be calculated. The length of pipe (I) is assumed as 3 m and the flow diameter D is
assumed as 0.1905 mm. The following equation is then used,

q=UxAXAT.mytD (10)
where A is the area is the total surface area of the tube bundle and is calculated as;
A=mxnxDxl (11)

By solving Equations (10) and (11), the number of tubes is n = 740 Tube.

The actual velocity of natural gas is then inspected at the exit side of the tube side since
the volume flowrate increases prior heating. Using Equations (4) and (5), the compressibility
factor is calculated through a pseudo chart and is found to be Z = 0.97. Whereas the density
of natural gas at tube exit (o) is 6.814 kg/m? as calculated from the simulation software.
The actual flow velocity is acquired and is found to be V¢ = 6.315m/s.

According to the American Petroleum Institute’s (API) RP 14E standard for erosional
velocity limits, the maximum allowable gas velocity limit suggested by the API is calculated

using the following equation [20],
c

= o

Ve

(12)
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When the erosional velocity factor (c) is taken as 100 kags for maximum safety and
density of natural gas at tube exit (o) is applied, erosion velocity is 38.3 m/s. This value is
halved as a safety margin, the erosional velocity will be v, = 19.15 m/s which is typically
within range of the commonly advised velocities for natural gas pipeline transportation
commodities. Hence, V,; is suitable and safe regarding that the maximum allowable gas
velocity limit suggested by APL

All the previous three scenarios are analyzed and their results are compared based
on the proposed optimization criterion mentioned in Section 1.3. It is found that, despite
scenario 1 producing high electricity generation, the input requirement is also considerable.
Thus, it cannot be considered an optimized solution.

As for scenario 2, the system input requirements are eliminated through utilization of
gas turbine exhaust that results in green energy recovery in the form of generated electricity,
amounting to 2.3 MW.

In scenario 3, green energy is obtained without any power input requirements or fuel
consumption from the system. Furthermore, this scenario generates electricity (1.467 MW)
as well as high cooling capacity of 1.249 MW (355 TR). Such cooling capacity saves energy
requirements for conventional vapor compression cooling cycles if used in district cooling
or in satisfying thermal power plant cooling loads. Additionally, cooling capacity generated
from energy recovery can also be utilized to enhance the efficiency of the combined power
cycle of Al-Alamein power plant by increasing volumetric efficiency of the gas turbine cycle
through intercooler technologies. These advantages are not present in the other energy
recovery scenarios (scenario 1 and scenario 2).

5. Conclusions and Future Work

This paper presents a comprehensive analytical study on the provision of suggestions
and solutions for harnessing energy through conventional natural gas transmission systems.
The linkage of New Al-Alamein city to Egypt’s natural gas grid is studied with its flow
conditions and designated routing paths. Three scenarios with three variants of equipment
layouts for expander generators are suggested and studied for the utilization of gas grid
pressure loss and its potential in green energy recovery.

The first scenario showed a maximum electricity generation of 11.22 MW with con-
straints of a maximum power input requirement of 10.59 MW thermal power addition
through an external fuel source. In comparison, the second scenario produced electricity
generation of 2.3 MW with no system energy input constraints nor thermal addition cost
through an external fuel source. The third scenario produced a total power of 2.716 MW in
the form of two energy sources (1.467 MW electricity and 1.249 MW cooling capacity).

Scenarios 2 and 3, present in the new SIEMENS combined power plant in New
Al-Alamein city, are recommended over the first scenario based on their minimal input
requirements and optimization criterion compliance in terms of the recovery of green
energy. Furthermore, both scenarios easily link the expander generator power generated
and the thermal power plant electricity grid.

Finally, given the nature of power plants, stable diversity factor and consumption of
natural gas, both scenarios are subjected to stable operating flow and conditions. Thus,
power is produced continuously and close to their calculated peak power.

This paper recommends scenario 3 in terms of the results demonstrated. However, the
practical implementation choice between scenarios 2 and 3 will depend on the following:

e  The ability to satisfy the desired flue gas feed from the HSRG and gas turbine manu-
facturer in the proposed layout for scenario 2.

e  The utilization and the possibility of benefiting from the cooling load of scenario 3 by
the combined thermal power plant.
A detailed cost analysis for the recommended scenario will be considered for future

work. Key economic aspects will be addressed, such as installation, maintenance and
operation costs.
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