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Abstract: Natural gas flow has a valuable pressure exergy which is currently
destroyed in throttling valves at exit of the gas fields. In the current study,
this pressure exergy has been calculated for an actual case. Exergy analysis was
based on actual condition of the Shanol gas field, which is situated in
Iran, in the summer. It is assumed to be a good representative of Iran’s whole
gas fields. Exergy has been calculated for a constant enthalpy process
(throttling process) and isentropic process for real gas and ideal gas. Based on
the Iran natural gas daily production rate, the results indicate that the maximum
obtainable energy is about 5600 MW. By considering converting efficiency
of 75%, one can extract 4200 MW electrical power. The computations for a
constant enthalpy process show very good agreement with actual data.

Keywords: natural gas; natural gas fields; Iran natural gas fields; pressure
exergy; exergy analysis.

Reference to this paper should be made as follows: Farzaneh-Gord, M. and
Maghrebi, M.J. (2009) ‘Exergy of natural gas flow in Iran’s natural gas fields’,
Int. J. Exergy, Vol. 6, No. 1, pp.131-142.

Biographical notes: Mahmood Farzaneh-Gord is currently an Assistant
Professor in the Faculty of Mechanical Engineering in the Shahrood University
of Technology. The main subject that he teaches undergraduate students is
Engineering Thermodynamics, and for postgraduate students it is Advanced
Engineering Thermodynamics. He received his PhD Degree from the Bath
University in Bath, UK, in 2003, for his study of gas turbine cooling systems.
He graduated from Ferdowsi University of Mashhad, Mashhad, Iran, with an
MSc Degree with First class Honours with Energy conversation subject in
1997. He is currently involved in energy optimisation project for the Iran oil
and gas industry and has published papers in exergy and energy analysis.

Mohammad Javad Maghrebi is an Associate Professor in the Mechanical
Engineering department at the Shahrood University of Technology. He teaches
Fluid Mechanics at undergraduate and graduate levels, including computational
fluid dynamics, fluid mechanics and turbomachineries. He graduated from
Monash (Australia), Wollongong (Australia) and Tehran University (Iran) in
PhD, MSc and BSc, respectively.

Copyright © 2009 Inderscience Enterprises Ltd.



132 M. Farzaneh-Gord and M.J. Maghrebi
1 Introduction

Natural gas is commercially produced from oil fields and natural gas fields.
According to Pars Special Energy Economic Zone official site, the largest natural gas
field in Iran is the South Pars Gas field with reserves of the order 10" m® and production
rate of the order 10° m® per day (including Qatar’s part). Iran is estimated to have about
2.7 x 10" m® natural gas reserves with daily production rate of the order 10’ m’.

As reported by Laherrere (2004) and EIA Report (1998), the use of the natural gas is
growing and it is believed to peak around the year 2030. Natural gas is a major source for
electricity generation through the use of gas and steam turbines.

Natural gas exergy can be divided into three groups namely: chemical, thermal and
pressure exergy.

Chemical exergy can be obtained and converted to other kinds of energy during
combustion process. This is currently the main part of natural gas exergy which is widely
consumed to generate electricity or in houses to produce heat.

The natural gas temperature reduces during the throttling process due to the
Joule-Thompson effect. In theory, if this temperature is lower than the ambient
temperature it can be used in a Carnot cycle for generating power from a low temperature
source, when the high temperature source is the environment. Natural gas is also
converted to Liquefied Natural Gas (LNG) for transportation purposes. LNG should
normally in the gas phase when consumed. It provides a very good source of temperature
exergy (low temperature source) as it is kept in a very low temperature. Bisio and
Tagliafico (2002) have studied different ways of using this temperature exergy
and introduced a combined power cycle with a thermal efficiency of about 58% and
concluded that 64% of temperature exergy of the LNG could be used. Hisazumi et al.
(1998) proposed a combined power cycle for recovering cold energy from LNG and
indicated that the efficiency of a combined power cycle is obviously higher than that
of a simple Rankine cycle. Miyazaki and Kang (2000) developed a combined power
generation cycle using refuse incineration and LNG cold energy, and conducted
parametric analyses to investigate the effects of key parameters on the thermal and
exergy efficiencies. The effects of temperature of a low-grade heat source, the
temperature of a second medium, and the inlet pressure of the turbine on the efficiency of
a power cycle with natural gas was studied by Qiangn et al. (2005). Their findings
indicate that these parameters play important roles in the thermal and exergy efficiencies
of the cycle. It was reported that any increase in the temperature of the low-grade heat
source and the inlet pressure of the turbine, and any decrease in the temperature improve
the thermal and exergy efficiencies. Shimin et al. (2004) proposed a cogeneration power
system with two energy sources of fuel chemical energy and LNG cryogenic energy, and
two outputs of electrical power and cooling power. The system has excellent energy
saving because of the integration of the system and the cascade utilisation of LNG
cryogenic energy. The chemical energy of fuel and the LNG cryogenic energy were
saved by 7.5-12.2% and 13.2—-14.3%, respectively.

Pressure exergy is the other valuable kind of natural gas exergy. Much research has
been carried out to study the use of pressure exergy of natural gas focusing on the
pressure drop stations, including the work of Bisio (1995). They introduced a few
systems to use this exergy including a mechanical system to compress air. There have



Exergy of natural gas flow in Iran’s natural gas fields 133

been a few systems using the pressure of exergy of a gas (especially air), which is used in
pneumatic systems. Expansion turbines (turbo expanders) are also available for
generating work from this exergy. Turbo expanders are mainly used in the gas industry to
create a very low natural gas stream temperature for recovering ethane from natural
gas stream or for LNG production. Because work is extracted from the expanding
high pressure gas, the expansion process follows a nearly isentropic process. A wide
range of turbo expander models is available, ranging from 75 KW to 10 MW and even up
to 130 MW, as mentioned in the Bloch (2001a, 2001b) and Dresser-Rand products
website. Typical isentropic efficiencies range from 84% to 86%. Moreover, the machines
have also demonstrated a high degree of reliability.

Greeff et al. (2004) have studied integration of a turbo expander into different
types of high pressure and exothermic chemical synthesis processes. They showed the
successful integration of a turbo expander with meaningful energy savings.

Hinderink et al. (1996) proposed a method for calculating the absolute exergy
of multi-component liquid, vapour or two-phase flows. The method enabled a clear
division of the total exergy of a material stream into three terms; so the exergy
change of mixing was calculated separately from the chemical and the physical exergy.
Exergies were calculated as an extensive stream property through the use of some
external sub-routines.

Rosen and Scott (1998) studied the energy and exergy analyses at low-pressure
processes for methanol from natural gas by means of simulation. The energy and
exergy efficiencies for the overall process were found to be 39% and 41%, respectively.
It was reported that the internal consumptions, particularly within the combustion,
compression and methanol synthesis systems were the major cause of the exergy loss.
The energy losses related to the emissions of cooling water and stack gas were found to
be insignificant.

The natural gas which exits at a very high pressure from the natural gas reservoir
immediately flows through a series of throttling valves, causing a considerable pressure
drop. In this study the amount of obtainable energy from this pressure drop is calculated
for an actual case (Shanol gas field in south Fars province in Iran). The results extended
to all of Iran’s gas fields, assuming the same conditions. The results indicate that a large
amount of exergy is currently being destroyed in Iran’s natural gas fields. This exergy
loss can be considered as a source for green energy which does not cause pollution when
it is utilised.

No previous attempts to calculate the pressure exergy of the gas reservoir in literature
are detected. In this paper, we have tried to study this new subject.

2 Actual condition of the Shanol natural gas field

Figure 1 shows the actual conditions of the natural gas immediately at the exit of the gas
reservoir (P =15.86 MPa and 7= 50°C) after the throttling valve (P =11.38 MPa and
7'=40°C) during summer with environment conditions (P =0.1 MPa and 7=36°C) as
reported by National Iran Gas (NIGC) (2003).
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Figure 1 The actual conditions of natural gas at exit of the gas field and a throttling valve
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3 Exergy analysis of a control volume

The natural gas flow through a throttling valve can be considered as the flow through a
non-adiabatic control volume with one inlet and one outlet as shown in Figure 1. For such
an open system with heat transfer to environment at temperature of Ty, the first and the
second laws of thermodynamics can be applied as follows:

. . y? y?
W=Qh+m(h+7+gzj —W'z[h+7+gz) 1)
in out

S :%—n'm —ms,, =0. 2)

gen in out —
0

Neglecting potential and kinetic energy change and by elimination of heat transfer to
environment, Q,, between equations (1) and (2), the following expression can be
obtained:

W =r1it(h=T,8);, — i (h=T,8 )0 = TySyen- 3)

out

Since S is positive, it can be easily shown that W can be varied between two limited
values as O <W <W,, in which W_, is the maximum obtainable work (availability) and

rev rev

can be calculated as:

W, =m(h="Tys), —m(h=T,s),. @)
Using the specific flow exergy as follows:

ex=(h—=hy)-T,(s—5,). &)
The maximum obtainable work can be calculated as below:

W, = in(ex),, = m(ex),,. ©)

rev

Equation (6) gives the maximum available work during the process for a real gas.
For an ideal gas the specific exergy can expressed as:

ex=(h—hy))—T,(s—s,) @)

ex=c,(T'=T)) =Ty (s =5y)- ®)
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When potential and kinetic energy are neglected and the specific heats, ¢,, ¢, are assumed
constants. For an ideal gas the entropy change is given by:

s=s,=c¢, 1nT£—Rln§. )
0 0

The specific exergy for an idea gas can be calculated as follows when equations (9)
and (10) are combined:

ex=cp7})[T1—l—ln%J+RTo lng. (10)

0 0 0

By substituting the definition of specific exergy for an ideal gas (equation (10)) into
equation (6) and assuming a constant temperature process, a simple expression for
calculating maximum available work for an ideal gas can be obtained as follows:

W, =ex, —ex,, =R7;)1ni. (11)

rev
out

The actual work which may be obtained from a thermodynamic system is less than the

maximum work given in equation (6). This obtainable work can be calculated as below if
the exergetic efficiency (second law efficiency) of the system (¢) is known:

W= e, (12)

4 Chemical composition of natural gas

The composition of natural gas (mixture) varies with location, climate and other factors.
The primary component is Methane (CH,4), which constitutes about 90% of the mixture.
It also contains heavier hydrocarbons such as Ethane (C,Hg), Propane (C;Hg) and Butane
(C4Hyp). Table 1 shows an experimental analysis of the natural gas composition of the
Shanol gas field in summer, which is the basis for exergy analysis in this research work.

Table 1 Experimental analysis of natural gas composition of Shanol gas field in summer
Component Chemical formula Experimental analysis (mole fraction %)
Water H,O 0.1
Carbon dioxide CO, 0.52
Nitrogen N, 3.88
Methane CH, 90.86
Ethane C,Hg¢ 2.89
Propane C;3Hg 0.81
Iso butane C4Hy 0.23
n-Butane C,Hy 0.29
Iso-Pentane CsHy, 0.15

PseudoCg PseudoCg 0.17
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Table 1 Experimental analysis of natural gas composition of Shanol gas field in summer
(continued)
Component Chemical formula Experimental analysis (mole fraction %)
PseudoC, PseudoC, 0.15
PseudoCy PseudoCyg 0.09
PseudoCy PseudoCy 0.03
PseudoCg PseudoC 0.01
PseudoC;; PseudoCy; 0.01

Source: NIGC Internal Report (2003)

It can be realised that the most of compositions constituted a very low percentage.
For the sake of simplicity it is assumed that the natural gas contains only five highest
percentage substance in Table 1. The chemical compositions of the natural gas which
used in the analysis are tabulated in Table 2.

The mass fraction of each component is obtained using equation (13) in which M is
the molecular weight based on an ideal gas mixture. This may not be completely
applicable for this case.

M.y,
X = (13)
M.y,
Table 2 Natural gas composition used in the analysis
i Component Mole fraction (%) M; (kg;/kmol;) x; (kgi/kggas)
1 Methane 91.9 16.043 0.853
2 Nitrogen 3.88 28.013 0.063
3 Ethane 2.89 30.070 0.050
4  Propane 0.81 44.097 0.021
5 Carbon dioxide 0.52 44.010 0.013

5 Results and discussions

Firstly, the exergy change for the actual process is examined to study the current exergy
destruction. Secondly, as the actual process is very similar to a constant enthalpy process
for an adiabatic system, the exergy analysis has also been carried out for a constant
enthalpy process to examine the validity of the assumptions and the analysis. Finally,
the pressure of the natural gas is assumed to reduce to the final pressure (as in the
actual case) in a constant entropy process for predicting the maximum and obtainable
available energy. In these exergy analysis, the Shanol gas field environment conditions
(P=0.1 MPa and T = 36°C) are considered to be the reference state (dead state).

5.1 Exergy reduction for the actual case

Natural gas exergy decreases during pressure and temperature reduction in the throttling
valve, considering the environmental condition. This exergy reduction actually equals the
exergy change of the gas, which can be expressed as:
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Wiose = ex, ;. (14)
The exergy change of the gas mixture can be calculated by the summation of the exergy
change in each component. By using thermodynamics properties, provided by National
Institute of Standards and Technology website, the exergy change of each component is
summarised in Table 3.

Table 3 Exergy change of gas component passing through the throttling valve (real condition)

i Component x; (kgikgoas)  (ex;—exy); (kilkg)  (ex; — exy) (kifkggas) xi X R;TyIn(P/P,)

1 Methane 0.851 46.183 39.391 45.720
2 Nitrogen 0.062 31.551 1.984 1.922
3 Ethane 0.050 12.641 0.636 1.467
4 Propane 0.021 9.542 0.197 0.425
5 Carbon dioxide  0.013 6.450 0.085 0.262

The volumetric flow rate of natural gas through the Shanol gas field in the normal
condition is given below:

Q=15x10°m’/24 hr <at T =20"C, P=0.1 MPa .
The gas density can be calculated in normal condition as:
Parsponme - =p=> (px,)= 0.759302kg/m’.
So the mass flow rate can be worked out as:
m=p0=1.14x10"kg/24hr.

And finally, the natural gas exergy reduction can be calculated as:

5
(Ex, — EX))gag = Mgas Z (ex, —ex,), (15)

i=1
(Ex, — Ex,)grs = titgas(€X, —€X, s = 4.82x10°kj/24 hr = 5575.25KW.

In can be seen that total exergy reduction for this gas field is about 5.5 MW, which
actually indicates the exergy lost.
If ideal gas behaviour is assumed, the total exergy reduction will be as follows:

P .
(Ex,—Ex,)_ =mY, x,.R,.TolnFl =5.67x10°kj/24 hr = 6564.42KW.

2

It can be seen that there is only 17% error in the exergy reduction, which seems an
acceptable value, if we assume the ideal gas behaviour.

The above exergy lost is the actual value happened in the reality. The maximum
available work will be higher in the case of reversible process.
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5.2 Exergy analysis for constant enthalpy process

The gas flow through the throttling valve can be assumed to be a constant enthalpy
process; so the exit temperature is expected to be the same as in the actual condition.
The exit temperature can be found with a trial and error method using equation (16).
The exit temperature is varied until the exit enthalpy becomes the same as the inlet.

5
h, = Zx,.hm =My p (16)

The exit temperature is found to be 40.5°C using the above method. This shows very
good agreement with the actual exit temperature (40.0°C) confirming the validity of the
assumptions and the method. It should also be pointed out that the only difference
between the actual process and the constant enthalpy process is the heat transfer between
the control volume and the environment which may take place in the actual case.

Table 4 summarised the enthalpy change for each component during the constant
enthalpy process. Using the values in this table, the exergy destruction can be calculated
as below.

h, =h
= (Ex1 —Ex2>
T, = 40.5°C.

= ri1(ex, —ex,)gas = 4.97 x 10° kj/24 hr = 5755.15KW

GAS

Table 4 The gas exergy change for constant enthalpy process (7, = 40.5°C)

i Component hy 1, p, (Ki‘ke,) xi(kgi’kggas) (ex; — ex;) (kj/kgguas)
1 Methane 843.57 0.853 42.934
2 Nitrogen 306.17 0.062 1.593
3 Ethane 362.82 0.050 0.480
4 Propane 309.01 0.020 0.355
5 Carbon dioxide 301.57 0.013 0.340

5.3 Exergy analysis for a constant entropy process

The maximum work (reversible work) can be obtained during a constant entropy process
which is the same as exergy change of the gas flow during this process. To calculate the
exergy change for this process the exit temperature is required. In this study the following
equation is used for calculating the exit gas temperature, as in the previous method in the
enthalpy process which employs the trail and error method.

S
s, = le.s,.
i

The exit temperature for the isentropic process is found to be 25.5°C. Considering exit
temperature, the exergy change for each component is calculated and listed in Table 5.

T.p, =T, B a7
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Now, the exergy change for the gas flow can be calculated as follows

S, =8
= (Ex,—Ex,),  =m {ex,—ex, ), =489 x 10° kj/24 hr = 5663 41 KW
T, =25.5°C.

Table 5 The gas exergy change for constant entropy process (7, = 25.5°C)

i Component Sz‘r,,p (kj/kgK) x; (kgi/kggas) (ex; —ex) (kj/kggas)
1 Methane 3.945 0.853 35.661
2 Nitrogen 5.365 0.0623 1.526
3 Ethane 1.233 0.0502 3.681
4  Propane 1.172 0.0206 1.354
5 Carbon dioxide 1.160 0.0132 0.739

The above value is actually the maximum obtainable work for the Shanol gas field.
It worth mentioning that the exit temperature is not low enough to be considered as the
low temperature source for a Carnot based cycle.

Iran’s natural gas production rate is of the order of 10’ m’/24 hr, assuming the
same condition as the Shanol gas field. The amount of available work will be about
Wnax = 5600 MW which is a considerable amount of energy. This energy is destroyed in
throttling valves currently.

It is also worth noting that this energy can be categorised as a green energy source
which causes no pollution.

The exergy of the natural gas fields can be utilised using expansion turbines or
reciprocating motors. The reciprocating motors are positive displacements which produce
work from a high pressure flow stream and seem more suitable than expansion turbines
for Iran’s gas industry, because of the lower level of manufacturing technology and
quality of natural gas. As shown by Moss et al. (2005) an exergetic efficiency of 0.70 is
possible when utilising reciprocating motors. In such cases the amount of obtainable
work can be calculated as below:

W=eW._ =0.7x 5600 =3920 MW.

rev

Maddaloni and Rowe (2007) showed that electrical power can be extracted from high
pressure natural gas stream with an exergetic efficiency approaching 75% when utilising
turbo expanders (expansion turbines). Based on the efficiency, one can obtain 4200 MW
electrical power from the Iranian natural gas pressure exergy.

5.4 Effect of environment conditions on obtainable work

As shown in the previous section, one can extract 4200 MW electrical power
from the Iranian natural gas pressure exergy; however, the calculation was based
on the environmental conditions of the Shanol gas field (P =0.1 MPa and T =36°C).
Figure 2 shows the effect of varying environment temperature on the potential extractable
electrical power in Iran’s gas fields. It can be seen that as the environmental temperature
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increases, the amount of extractable electrical power decreases; however, this effect is
small and can be ignored for the actual environment temperature range (5-50°C).

It should also be pointed out that, theoretically, environment pressure has no effect on
the maximum obtainable work and potential extractable electrical power.

Figure 2  Effect of environment temperature on extractable electrical power
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6 Conclusion

Natural gas will be the primary source of world energy in the near future and its use is
growing rapidly. The natural gas flows out of the gas fields at very high pressure and
generally passes through a series of throttling valves. This causes considerable pressure
reduction and exergy destruction. The amount of exergy destruction for a typical Iranian
natural gas field (Shanol gas field) has been calculated in summer. The exergy analysis
was based on experimental gas composition analysis. The exergy analysis for the
constant enthalpy process, which is believed to be representative of the actual process,
has been carried out. This predicts an exit temperature which shows very good agreement
with the experimental value. This agreement also indicates the validity of the analysis.
The exergy analysis for the isentropic process with the same exit pressure as in actual
conditions has also been performed. It shows approximately 5.6 MW, the maximum
obtainable energy from Shanol gas field with a daily volumetric flow rate of the order
10° m®. This also predicts an exit temperature of 25.5°C, which is not low enough to be
the low source temperature for a Carnot based power cycle.

Based on the Shanol gas field exergy analysis and the Iranian natural gas daily
production rate, which has the order 10°m?, the total amount of maximum obtainable
energy from the natural gas field pressure exergy was predicted to be around 5600 MW.

As shown by Maddaloni and Rowe (2007) a pressure to electrical power converting
efficiency of 75% can be obtained when utilising a turbo expander to extract electrical
power. Based on the efficiency, 4200 MW of electrical power can be obtained from the
Iranian natural gas field’s pressure exergy. The calculation showed that the effect of
environmental temperature on extractable electrical power is small.

This is a considerable amount of energy, actually 1/7 of the total electricity generation
in Iran, as reported by Hessari (2005).
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Websites
Dresser-Rand Products Website, FCC Power Recovery Expanders, http://www.dresserrand.com/
turbo/eqg/expand.asp

National Institute of Standards and Technology website, available at http://webbook.nist.gov/
chemistry/fluid/

Pars Special Energy Economic Zone official site, http://southpars.net/

Nomenclature
Ex Total exergy (kj)
ex Specific exergy (kj/kg)
Cps Cy Constant pressure and volume specific heats (kj/kg K)
g Gravitational acceleration (m/s®)
h Specific enthalpy (kj/kg)
i Natural gas component identifier
m Mass flow rate (kg/s)
M Molecular weight (kg/kmol)
P Pressure (MPa)
Qn Heat transfer rate (KW)
0 Volumetric flow rate (m*/24 hr)
S Entropy (kj/K)
s Specific entropy (kj/kg K)
S on Entropy generation rate (KW/K)
T Temperature (K or °C)
14 Velocity (m/s)
X Mass fraction
W Actual work rate (KW or MW)
W, Maximum obtainable work (KW or MW)
z Height (m)

Pseudo Cs  All compounds eluting between n-Cs(normal Pentane) and n-Cy (normal hexane)
excluding n-Cs and including n-Cg (the same for other Pseudo C,)

P Density (kg/m®)

£ Exergetic efficiency

Subscript

1 Condition at exit of gas field

2 Condition at exit of throttling valve
0 Environment condition

GAS Natural gas




