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Natural gas is currently the natural substitute of petroleum as an energy source, since the foreseen
ending up of this latter in the next decades. As a matter of fact, natural gas is easier to handle,
less dangerous to be transported, somehow environmentally more friendly. The gas ducts operate
with large flow rates over very long distances at high pressures, which are usually lowered in
proximity of the final substations by lamination valves which, in fact, dissipate energy. However,
a careful management of the pressure reduction may allow an energy recovery while using the gas
expansion to operate a turbine. In this case, gas must be preheated to compensate for the energy
required by the expansion. A proper control of all the parameters involved becomes crucial to an
intelligent use of these resources. In this paper, the possibility of using a pre-heating system has
been examined as a way to intensify the energy cycle in an expansion substation of the city gas
network. Fuzzy logic has been used to optimize the natural gas expansion in a turbine to produce
electrical energy. A fuzzy system has been designed and realized to control the whole process of
gas expansion, from the gas pre-heating to the pressure reduction. The system operates over the
whole year, accounting for the pressure, temperature, and gas flow rate variations experienced in
the gas line. The exit values of the latter and the inlet value of the gas pressure are selected as input
variables, being the output variable the temperature of the pre-heating water at the heat exchanger
inlet.

1. Introduction: The Quest for Energy

It is a fact that the world has changed in the last 20 years. In the 70s and 80s, industries were
somehow coal and nuclear oriented, the greenhouse effect was not scaring the earth, and
Chernobyl disaster was far on the horizon. Today, petroleum is claimed to be over, biomasses
are then particularly considered, wind-operated generators are more and more installed [1].
In this new scenery, every possibility of saving energy, either improving a process efficiency
or reusing the waste, is appreciated.
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Natural gas ducts—substations system can be seen as the current largest network of
energy microgenerators in the world. It reaches almost every place, is easy to operate, does
not need specialized personnel, and it is relatively safe.

Gas is transported by the pressure gradient necessary to accomplish the equation
energy. Detailed first principles modelling based upon fundamental mass, momentum, and
energy balances is reported by Fawke [2] and Schobeiri [3]. At the substations where the gas
is withdrawn, pressure has to be decreased. This is usually done by simply dissipating the
pressure energy in a lamination valve. Gas pressure and, consequently, temperature decrease
as an effect of the isoenthalpic expansion, according to the Joule-Thomson coefficient value.
Sometimes, gas needs to be preheated to compensate for the temperature decrease occurring
[4, 5].

Apparently, there is no way to improve the process, nor to recover anything out of it.
However, at a more accurate analysis of the energy balance, something can be done. Actually,
velocity of the expanded gas increases during lamination, and turbulence phenomena occur.
Part of the energy is thus lost in a useless noisy flux. On the other hand, pressures in the ducts
range from 70 to 40 bars, down to 20 in the local distribution, whereas 5 bars are typically
requested as a final value in a city network. Variability of pressure associates with similar
behaviours of gas temperature and flow rate. All of them change either during the day and
in the course of the whole year, without any reproducibility.

Note that the gas final pressure has to be kept stable and the final temperature under 5
centigrades not to have formation of methane hydrates, whatever the temperature, pressure,
and flow rate of the inlet gas. An intelligent design of the plant expansion process used to
drive a turbine and to produce electrical energy could lead to an energy recovery as large as
15% without interfering with the required stability of the exit pressure [6–15].

It is aim of this paper to design the optimal gas expansion process to achieve the
objective of transforming a gas substation in an energy generator.

2. The Real Case

The gas substation selected for this paper has to respect some crucial requirements to be
eligible for a case study.

(1) The power production has to be at least as large as 50 kW.

(2) The pre-heater system available has to be large enough to support the pretreatment
necessary for the gas turboexpansion.

(3) The substation itself has to be large enough to allow the installation of a turbine.

(4) The access points of the National Electricity Board where to send the electrical
energy produced have to be near.

Based on data available from the Gas Company, the substation named F in the list supplied
by the Company was selected, serving the east side of the city.

For this substation, the gas flow rate ranges during the day as shown in Figures 1 and
2, for a summer and a winter day, respectively. The data point out that differences of an order
of magnitude are experienced during the year. As a matter of fact, the gas flow rate ranges in
a year from about 400 to 12000m3h−1.

The behaviour of gas temperature is not different, even if on a less dramatic range of
variability.
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Figure 1: Variability of gas flow rate during a day in summer.
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Figure 2: Variability of gas flow rate during a day in winter.

Moreover, in the case study input pressure of natural gas, far from being constant at an
expected value of 24 bar, ranges from 22 to 25 bar, whereas input temperature varies between
5 and 30◦C .
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Figure 3: Flow diagram of the natural gas substation.

3. The Approach to the Optimal Design

In this paper an analysis of the city gas distribution net together with data of operative
conditions of the substations is used to investigate the thermodynamic and economic
feasibility of applying a turboexpander for energy recovery by designing and building-up
a controlled gas substation. The control system had to ensure that both temperature and
pressure of natural gas at the exit are constant whatever the pressures and temperatures at
the inlet and whatever the gas flow rate. An intelligent connection between heaters and input
values of gas temperature, pressure, and flow rates will save energy [16].

4. The Plant and the Alternatives

The original scheme of the expansion section of the plant before the intervention described in
the present paper consisted only of a lamination valve. This is the most frequent arrangement
as is the less expensive. However, no energy recovery is planned nor gas temperature or
pressure control is installed. This, as above reported, may even lead to methane hydrates
formation.

The first alternative examined in this paper is based on the use of a pre-heater section
in the gas line. On the scale pan are put the pre-heater cost, the relevant operating costs, the
money-saving deriving from the gas better quality due to the absence of methane hydrates.

Finally, the introduction of a turbine to recover energy during the gas expansion and
of a fuzzy controller to manage the gas pre-heating before expansion certainly increases the
fixed costs, especially when compared to the investments for the typical scale of the gas
substations, but allows a significant saving in the plant operating costs, even leading to the
sale of the recovered energy.

5. The Plant

The plant in its final arrangement is sketched in Figure 3. The pre-heater section of the plant
includes an industrial boiler that burns natural gas from the station and provides hot water
at a temperature based on the pressure drop caused by the gas lamination.
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A control system has to be designed for the plant, as it is necessary to easy decide
whether to increase or decrease the pre-heating temperature and of what amount, to have the
maximum electricity productionwith aminimum output temperature of 5◦C and amaximum
output pressure of 5 bars. This will also guarantee the electrical energy production stability

In conventional applications, operative variables depend on mathematical models
related to gas combustion, heat transfer, and turbine fluid dynamics, that are all fairly
complicated, especially in systems where a large number of parameters is either hidden or
has to be accounted for. The ability to use simple linguistic variables rather than numerical
variables in order to work more easily with systems too complex for mathematical modeling
is the main objective of fuzzy logic-based controllers.

6. The Fuzzy System

It is a while that fuzzy logic is successfully used in the process industry. Whatever the reason,
either its ability to model imprecise and subjective notions or the easiness of building up
controllers that do not need mathematical modeling of the process, fuzzy logic is nowadays
applied in virtually all sectors of industry and science in the western world.

The basis of a fuzzy logic controller is the representation of linguistic descriptions as
membership functions indicating the degree to which a value belongs to the class labeled
by linguistic description. In fuzzy logic control algorithms, degree of membership serves as
inputs. The determination of appropriate degree of membership is the part of the design
process. Once the membership functions are defined, the actual input values are transformed
to degree of membership (varying from 0 to 1) of linguistic descriptors. This process is called
fuzzification. The resulting fuzzified data is passed through an inference mechanism that
contains the rules for the output. After the rules are applied, the combined effect of all
rules will be evaluated according to a proper weightage for each rule. The weightage will
be generally used to fine-tune the fuzzy controller and this process is defuzzification [17–19].

Examples of applications can be found in literature, ranging from aircraft engine con-
trol to locomotive wheel sleep control, steam turbine start-up, SEP (symbol error probability)
of HS-MRC (hybrid selection/maximal-ratio combining power supplier controller), up to
domestic or industrial scale microwave ovens. Fuzzy logic is even used to the fed-batch
cultures of microorganisms and for the on-line control of feeding rate of substrate [20].

Gas turbines controlled via neurofuzzy systems have been used in biomasses-based
electric power plants and adaptive fuzzy logic controller developed for turbine generator
systems [5].

In the fuzzy system designed for this plant, as input variables gas temperature,
pressure, and flow rate will be considered, whereas the output variable will be the pre-
heating water temperature T ∗ at the heat exchanger inlet, that will range from 75 to 95◦C.
The controlled parameters are the output temperature T , the gas flow rate Q, and the gas
input pressure P .

As for any fuzzy control, the rules adopted are logical rather than mathematical.
Seven labels have been used to define the conditions of the system. The state of a variable
is described as follows:

(i) NL : negative large,

(ii) NM: negative medium,

(iii) NS: negative small,
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Figure 5: Membership functions of variable Q (m3/h).
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Table 1: FAM (Fuzzy Associative Memory)matrix.

T Q
NL NM NS M PS PM PL

NL PS PS PM PM PM PL PL
N M M PS PS PS PS PM
M NS M M M M PS PS
P NM NM NM NS NS M M
PL NL NL NM NM NS NS NS

(iv) M : medium,

(v) PS: positive small,

(vi) PM: positive medium,

(vii) PL: positive large.

A triangular membership function (MF) has been used for the input variables, having
experienced that this simple shape is satisfyingly accurate. The membership function of the
output variable is a singleton, that is, a series of unit pulses, since in this way the center of
gravity can be easier calculated when defuzzyfying [21, 22].

The input and output variation intervals are.

(i) 10◦ < T < 20◦ [◦C];

(ii) 1000 < Q < 12000 [m3/h];

(iii) 22 < P < 25 [bar];

(iv) 75◦ < T ∗ < 95◦ [◦C].

Seven membership functions are assigned to Q and T ∗. Five functions are instead assigned
to T . Functions overlap is necessary to let the system to have a fuzzy rather than a boolean
behavior. Figures 4, 5, and 6 report the membership functions of T , Q, and T ∗, respectively.

In Figure 7 is reported the correction of the range of variability of temperature as a
function of inlet gas pressure P . As P changes, the temperature range, that is, the subject of
the fuzzy membership functions, has to be modified to best accomplish the energy balance.

In this system, 7 MFs have been adopted forQ and 5 MFs for T . We could thus have 35
input combinations and 245 different rules, using 7 output functions. Actually, the number of
necessary rules is quite smaller. In our case, an FAM (Fuzzy Associative Memory)matrix has
been used. In the matrix, first line and first column report the input variables, whereas the
output variable is derived according to the rule

T and Q −→ T ∗ (6.1)

The matrix is reported in the above table.

7. Results

As previously pointed out, the gas outlet temperature is the crucial variable and the one
monitored as marker of the efficacy of the control system designed. It has to be outlined that
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Figure 8: Variability of gas flow rate (black line) and temperature (red line) in a winter day.
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Figure 9: Variability of gas flow rate (black line) and temperature (red line) in a winter day with the pre-
heating system.
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Figure 10: Variability of gas flow rate (black line) and temperature (red line) in a winter day with the pre-
heating system and a fuzzy control.

each of the parameters considered concurs to complicate the whole picture: variability of the
gas flow rate interferes with the plant energy balance as much as environmental conditions
and adduction gas ducts temperature themselves.

Figure 8 shows that the outlet temperature continuously changes during a winter
day when no control systems are applied to the plant. Figures 9 and 10 show the effect
of introducing the pre-heating system and eventually the fuzzy control to manage the gas
expansion.

It is remarkable the effect of the optimization performed in smoothing the outlet gas
temperature, that tends to flatten on the 5◦C value desired.

Note that the more the outlet temperature approaches 5◦C from the above, the larger
is the amount of energy saved, the better is the efficiency of the fuzzy control realized.
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8. Conclusions

The radial flow turbine selected for this work can handle a large flow rate variability at
variable inlet gas temperature at an affordable price. The investment costs of the fuzzy
system are negligible, being basically related to the measurement equipments, whereas the
energy recovery is larger than 15%. The fuzzy control system also helps in decreasing the
maintenance costs of about 15% and allows to save up to 3 T.E.P. in a year, producing up
to 450000 kWh. The payback of the investment cost is reached in less than 8 years, against
an expected 25 years life-cycle. The turboexpander driven by fuzzy logic as above allows to
recover and to sell to the National Electricity Board up to 450,000 kWh per year.

When considering that the size of the substation selected for this case study is
considered representative of the Italian gas net, the existing network of gas distribution
substations once fuzzy controlled becomes a network of electricity generators of 200 to
500 kW.

Combined use of fuzzy logic and neural networks would lead to autoadaptive
intelligent systems, which actually appear to be the future.
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