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Highlights

A novel method enabling flexible energy harvesting from natural gas distribution networks.

Load shifting becomes possible without employing electrical storage.

Gas bagging enables overnight charging of electric vehicles.

e Hazardous operations are avoided by employing model predictive control.

A daily operational cost reduction of about 10% is achieved.

Abstract

In a swirling dynamic interaction, technological changes, environment and anthropological evolution are
swiftly shaping the smart grid scenario. Integration is the key word in this emergent picture characterized by
a low carbon footprint. Between the wide range of key actions currently pursued by European municipalities,
the possibility of harvesting energy from natural gas distribution is being established in this context. Load
matching is crucial for local energy exploitation and integration of renewable resources. In this paper, the
authors introduce a novel management method to increase the flexibility of the energy harvesting process
from gas distribution networks. This method, called gas bagging, enables one to shift energy production
schedules by properly manipulating the downstream pressure of the pipeline system. The emerging system
dynamics in gas bagging must be managed using a proper system control architecture. This is fundamental
to avoid system-safety-constraint violations. From a relevant case scenario, the authors demonstrate that
the energy load can be totally shifted to night hours without violating system-safety constraints. For this
purpose, the implementation of model predictive control has revealed to be a strategic measure. In fact, this
ensures safe and cost-effective operations enabling up to a 10% daily operational cost reduction. Results
reveal gas bagging to be a strategic tool for energy production flexibility and carbon emission reduction using
natural gas distribution networks integrated into a smart grid.

Keywords: Energy harvesting, natural gas, turbo expander, gas bagging, electric vehicles, night charging
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Pipeline, diameter (m)

Heat exchanger, minimum fluid heat ca-
pacity (J/kgK)
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Pipeline, inlet pressure (Pa)

Pipeline, outlet pressure (Pa)
Turbo-expander, outlet pressure (Pa)
Joule-Thomson valve, natural gas flow
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Boiler, thermal power output (W)
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Heat exchanger, cold fluid inlet temper-
ature (K)

Natural gas, delivery temperature at sta-
tion level (K)

Heat exchanger, hot fluid inlet tempera-
ture (K)

Boiler, water inlet temperature (K)

Boiler, water outlet temperature (K)

Header, water outlet temperature (K)
Turbo-expander, natural gas outlet tem-
perature (K)

Header, i-th water stream temperature
(K)

Pipeline, average downstream tempera-
ture (K)

Turbo-expander, natural gas inlet tem-
perature (K)

Hydraulic-circuit water temperature (K)
Joule-Thomson valve, natural gas tem-
perature at reference conditions (K)
Joule-Thomson valve, natural gas refer-
ence inlet temperature (K)
Joule-Thomson valve, actuator position
(m)

Turbo-expander, mechanical power out-
put (W)

Pipeline, total volume (m?)

Natural gas volumetric flow rate (m?/h)

Greek letters

ATHE

Pre-heating heat exchanger (HE1), Tem-
perature difference (K)
Heat exchanger, effectiveness

Time instant

Joule-Thomson valve, natural gas den-
sity at reference conditions (kg/m?)
Boiler thermal efficiency

Time (s)

Natural gas relative density (kg/m?)
Scaling factor




Abbreviations

BO Boiler NG Natural gas

HE Heat exchanger TE Turbo-expander

HP High pressure VIGV  Variable inlet guide vanes

LP Low pressure NTU Number of transfer units

LPR Low pressure regulator P Pump

MP Medium pressure PID Proportional, derivative, integral
MPC Model predictive control

1. Introduction

In the world’s transition to a sustainable energy scenario, natural gas will keep playing a key role for
residential and commercial sectors for most countries [1]. This issue has also been highlighted by Dieckhéner
et al. in [2]. After being gathered and processed, the main phases for natural gas are transportation, storage,
and distribution. Normally, the natural gas pressure is raised to 70 bars by means of compressor stations
for a proper transportation through the transnational and national pipelines until the distribution nodes. At
this stage, so-called pressure reduction stations are responsible for metering and reducing the gas pressure
to the desired set-point for distribution purposes. Here, the natural gas pressure drop is normally induced
by employing Joule-Thomson valves, thus, dissipating the gas energy. To prevent methane hydrates from
being formed [3], the natural gas is normally preheated to temperatures that range between 40°C and 60°C
depending on system operating conditions and the natural gas composition. In order to obtain a more
sustainable process, a smart technological solution consists of the use of a turbo-expander (TE) instead of
the Joule-Thomson valves, where the aim of the TE is to harvest energy from the gas pressure drop. In
fact, Kostowski et al. analyzed the possibility of generating energy with a TE in [4] showing the engineering
feasibility of such technology. Alparslan et al. presented an energy and exergy analysis of a pressure reduction
station equipped with a TE in [5]. Furthermore, Borelli et al. presented a case study where a pressure
reduction station is effectively integrated with other processes and users within the same district [6]. The
performance analysis of the TE technology was conducted also in [7] and [3] where, in both cases, the energy
sustainability of TE technology was demonstrated. In this case, for a given gas flow rate, the thermal energy
required to prevent methane-hydrate formation would be up to 5 times higher than for the Joule-Thomson
valve [9] because of the work extraction. This issue has stimulated researchers to seek for smart possibilities
to reduce the carbon emissions linked to the energy-harvesting process. In fact, Kostowski et al. analyze
the economic feasibility of cogeneration units in [10]. According to this study, the use of cogeneration units
represents a good advantage compared with the use of boilers but low temperature heat sources might be
required for gas pre-heating. In [11], an investigation of the performance of a hybrid turbo-expander-fuel-cell
system for power recovery at natural gas pressure reduction stations was presented. This is an interesting
configuration but, economically speaking, the required initial investment might lead to a non-sustainable
retrofit intervention. Other system configurations have been presented, such as in [12], where a comparative
study between a pressure reduction station integrated with an internal combustion engine and an organic
Rankine cycle was presented. In [13] a pressure reduction station integrated with a cogeneration system
has been presented. Here, a new sizing optimization method was based on economic and thermal analysis
as well. Similarly, in [14] the authors presented a novel optimization model for the optimal retrofitting of
natural gas pressure reduction stations. According to this research, the use of cogeneration units tends to be
economically not justifiable when the design and thus, the investment cost, is not properly defined. For this
purpose, in [15], the technical criterion for economic justification of the use of cogeneration units in natural
gas pressure reduction stations was presented. The authors demonstrated how only one of the eight case
studies presented was suitable for cogeneration ensuring a payback period of less than eight years (which is
a reasonable time length for an industrial project). Furthermore, with reference to the possibility reducing
of fuel consumption for natural gas preheating by integration with renewable resources was first analyzed

by Arabkoohsar in [16], where the possibility of employing geothermal energy was examined. Furthermore,
in [17] a new configuration integrated with a solar heating set was analyzed. The results demonstrated
interesting opportunities deriving from solar energy integration. Similarly, in [18], the authors presented

a novel configuration where the natural gas preheating is supported by parabolic trough solar collectors.
According to this research, up to 33% of energy saving could be achieved in southern locations in summer
periods. In [19], the possibility of integrating the pressure reduction process with 4" generation district



heating networks was investigated. In [20], the control issue of a multi-carrier energy system based on a
pressure reduction station was presented. In every case, the use of TE as a distributed generator has turned
out to be a smart solution to enable sustainable natural gas operations. However, the energy harvesting
patterns of TEs are linked to the consumption patterns of natural gas, normally characterized by diurnal
peaks, thus the energy production is limited to those specific hours of the day. However, pressure reduction
stations are normally located in suburban areas [20] with heterogeneous types of users. For this reason, a
typical mismatch between local energy loads and TE production schedules might exist, e.g. overnight slow
charging of e-buses [21].

At this stage, the use of electrical storage [22] could be an appropriate solution, but energy losses and
large investment costs might lead to a non-sustainable retrofit intervention. For this purpose, in this paper,
the authors introduce and analyze the possibility of employing a novel technique called gas bagging to shift
the energy harvesting schedule to night hours or, in general, to a different moment. Gas bagging is based
on control of the downstream distribution pressure that can be dynamically regulated as it occurs in the
transportation pipeline where, the so-called gas-line-packing [23] technique is used to store the natural gas
in the pipeline itself for service continuity, optimization, and speculating purposes. In addition, a set of
additional advantages is hidden behind this approach. In general, the added flexibility that is generated
facilitates optimal coordination with other processes or resources. For instance, gas bagging might become
strategic for coordination with renewable resources, enabling optimal control in smart grids. In addition, gas
bagging could unlock the service continuity issue of power-to-gas applications, enabling overnight hydrogen
production for hybrid vehicles [24]. Gas bagging enables operational flexibility that could become strategic
for optimal electric-vehicle charging scheduling [25] and in a market environment [26]. Furthermore, the
increase of the downstream pressure leads to a proportional decrease in the process temperature i.e. the gas-
preheating temperature is lower. As described in [19], the temperature reduction in pressure reduction stations
is a strategic action for thermal system integration with low temperature heat sources. Thus, gas bagging
can also be utilized for system thermal integration purposes. In general, gas bagging is constrained by the
physical characteristics of the distribution system and safety measures, generally linked to the infrastructure
location, topology and volume, pipeline geometry and type, and second-stage interconnections. Moreover, the
typical pressure dynamics characterizing gas bagging should be managed by an appropriate system-control
architecture in order to ensure safe operations excluding the risk of methane-hydrate formation.

The main novelty of this paper lies in three main points:

e the definition of a novel system management strategy whose scope is to increase the flexibility of the
energy harvesting process in natural gas pressure reduction stations;

e the identification of the most appropriate type of control for gas-bagging-based operations;

e finally, the quantification of the effectiveness of gas bagging with respect to conventional operations
through a case scenario analysis. Here, by conventional operations, the authors refer to those operations
where the downstream pressure of the gas into the pipeline system is maintained constant during the
operations.

In addition, the authors introduce a new control architecture based on a linear MPC whose scope is to
maintain the TE’s natural gas temperature within its limit, avoiding the formation of methane hydrates and,
at the same time, ensuring higher energy performance.

This paper is organized as follows. First, the authors analyze the feasibility and the possibility of employing
gas bagging to enable flexible energy harvesting in pressure reduction stations. Furthermore, an in-depth
analysis of the most appropriate system control type and architecture is provided. Finally, a case study is
presented. For this purpose, based on the data acquired on a plant demonstrator [18] and [19], a dynamic
numerical model is implemented in a Matlab-Simulink® environment in order to analyze the system dynamics
under gas-bagging-based operations for a typical configuration. Based on the system safety requirements,
different types of control are analyzed in order to ensure effective gas bagging operations. These include
PID controls and model predictive control (MPC) for methane-hydrate prevention. Finally, the energy
and economic performance of the gas bagging are assessed for two typical scenarios in comparison with a
conventional pressure reduction station, whose operations are based on constant downstream pressure. The
results demonstrate the possibility of completely shifting the energy production schedule without violating any
safety constraints. In conclusion, in order to assess the effectiveness of gas bagging for different downstream
pipeline volumes, the system behavior has been analyzed for different pipeline lengths, respectively, 25%,
50% and 75% smaller than the initial configuration.
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Figure 1: Network structure and subsystem schematization.

2. System description

In Figure 1, a schematization of the overall system architecture is presented. For the sake of simplicity,
a simplified configuration is considered in this paper but more complex systems might also be taken into
consideration. Indeed, the proposed system consists of a high pressure (HP) transportation pipeline, a
pressure reduction station equipped with a TE working in parallel to a Joule-Thomson valve, a single straight
pipe as medium pressure (MP) distribution system and, finally, a set of low pressure regulators (LPR1-3)
whose scope is to bring the natural gas at lower pressure (LP) for delivery to end-users e.g. 0.5-0.04 barg.
Finally, the electric output of the station can be used for local power demand e.g. to charge electric vehicles or,
differently, it can be injected into the electricity grid. However, in most cases, the distribution system could
be more complex than the one proposed for this research. For instance, the network topology might include
nodes and interconnections that generate concentrated pressure losses enabling, for given downstream volume,
a different response in the pressure transient with the respect to a straight pipeline system. In any case,
it is possible to define an equivalent straight pipeline system. In addition, for a given distribution network
system, there might multiple pressure reduction stations; thus, the need of coordination between redelivery
points should be properly considered during gas-bagging operations (as it is done during conventional ones).
Demonstrating the effects of the interactions with other redelivery points in the presence of concentrated
pressure losses is not within the scope of this research. However, the proposed simplifications have been
chosen in order to use a reference system configuration, generally close to real system ones, with the final
aim of demonstrating the feasibility and the performance of gas bagging.

2.1. Theoretical and technical analysis

Gas bagging is designed to increase the flexibility of energy harvesting from natural gas distribution
networks. It can be performed in those pressure reduction stations equipped with TE technology. In general,
gas bagging is characterized by two typical modes as described in Figure 2: the bagging mode and the un-
bagging mode. These refer to the operations performed at pressures higher and lower than the conventional
set-point respectively. The maximum operating pressure during the bagging mode is established by the
technical characteristics and safety constraints of the distribution system as will be further detailed below.
The same consideration is valid for the maximum un-bagging pressure but, for given natural gas flow rate,
pressure losses through the pipeline must be accurately considered to ensure a proper natural gas end-user
delivery. In the following sections, an insight of the novel gas bagging technique is provided. Issues concerning
safety and technical constraints are explored and, finally, advantages and potential applications of gas bagging
are presented.

2.2. Theoretical insight

The power output of the TE depends on the inlet and outlet pressure, isentropic efficiency, and inlet mass
flow rate:

PTE - mNGCp(T}n - Tout) (1)
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Figure 2: Gas bagging mode representation.

where Prg and rng are respectively the TE’s power output and the natural gas mass flow rate. The outlet
temperature of the gas after its expansion is defined as

Pout>ne(kk1)

5 ®

Tout = 1—‘1 <
where Ti, and P, P,y and 7, are respectively the natural gas inlet temperature and pressure, the outlet

pressure of the gas and the isentropic efficiency. Moreover, k is defined as:
h=2

Cyv

3)

where ¢, and ¢, are respectively the heat specific values at constant pressure and volume of the natural gas.

With reference to (2), during a gas-bagging-based operation, the TE’s power output is directly linked
to the dynamic pressure of the downstream distribution pipeline and, from this point, different operational
issues emerge:

e A power tracking control logic is necessary for the TE’s operation to achieve the desired power schedule.

e Hazardous operations might emerge due to the downstream pressure variations, leading to formation of
methane hydrates. This can be prevented by implementing an MPC controller to regulate the thermal
supply unit output.

e For a given time length, the energy production of the gas bagging should be equivalent to that of the
conventional mode in order to avoid energy losses.

2.8. Technical feasibility and bounds.

The topology and dimension of the distribution system determine the possibility of performing gas bagging
and its degree of flexibility i.e. maximum and minimum bagging pressure. More precisely, pipelines can be
categorized according to their pressure bounds [27] as shown in Table 1. Normally, for distribution, natural
gas is delivered at pressures up to 24 barg to pressure reduction stations [28], but higher redelivery pressures
could be adopted. Downstream, the distribution system is characterized by steel or polyethylene pipes whose
design characteristics and installation criteria are strictly regulated by national standards as described e.g. in
[27]. In general, distribution pipe diameters range from 5 to 50 cm and, the network topology, gas flows, and
operating pressures are intimately linked to the territory characteristics; these are quite diverse from place to
place. In fact, some operators manage up to 44 km of pipelines at medium pressure [29], while others manage
about 141 km of medium pressure pipeline [30] or 127 km of pipeline of 4*" category [31]. Thus, the degree of
flexibility of the gas bagging might change considerably from case to case. Furthermore, before adopting gas
bagging, the calibration of the so-called monitor valve, the one placed upstream of the Joule-Thomson valve,
should be re-done considering the pressure variations that occur during gas bagging. The same precautions
must be adopted for all the pressure reduction stations connected to the gas distribution infrastructure.
Furthermore, the un-bagging mode must be properly constrained considering gas pressure losses through
pipelines during gas demand peaks. Finally, for given inlet gas pressure, the gas-bagging operation will be
constrained by the maximum mass flow rate of the TE and by the maximum power output of the permanent
magnet synchronous generator driven by the TE’s shaft.



Table 1: Categorization of pipeline [27].

Category 1st 2nd 3rd 4th 5th 6th 7th
Minimum pressure (barg) 24 12 5 1.5 0.5 0.04 -
Maximum pressure (barg) - 24 12 5 1.5 0.5 0.04

2.4. Regulatory and safety constraints

In the current state, national regulations for gas distribution are characterized by similar constraints
spontaneously determined by safety issues. These are mainly related to the relief pressure set point of the
distribution system that, e.g. for the Italian case [27] must be less than or equal to 115% of the maximum
admissible pressure of the pipeline. Other constraints are related to the pipeline sections close to buildings
and roads. In these cases, some restrictions on the operating pressure might be foreseen, thus considerably
limiting the flexibility of the gas bagging. At this stage, it is worth recalling that these regulations could be
less constraining for future infrastructure mainly due to technological changes and material improvements.
Finally, qualitatively speaking, the overall frequency of gas leaks should be equivalent to those related to the
conventional operation since, bagging mode gas leaks should be balanced by those of the un-bagging mode.

2.5. Control for gas bagging

In standard configurations, natural gas pressure reduction stations are equipped with two redundant
gas-fired-boiler units. These are necessary to provide the required heat for the process in order to prevent
formation of methane hydrates which depends on the natural gas composition and the operating conditions.
The local control logic of the boilers is normally characterized by a constant operating set-point that is
manually adjusted by the plant’s operators based on the season [19]. However, in gas-bagging-based opera-
tions, the necessity to employ a higher-level control to optimize process temperature emerges for safety and
energy reasons. In fact, the pressure dynamics activated are faster than the thermal response of the heat
supply system due to thermal inertia. For this reason, in certain situations and for a given temperature
set-point, decreases in the downstream pressure could drag the system into hazardous operations achieving
hydrate formation temperature at the outlet of the TE. This is because the heat supply response might not
be fast enough in conventional control. A solution to this problem could be given by the use of a higher
water-temperature set-point: however, this action would lead to inefficient operations thereby increasing
carbon emissions. Thus, PID control and MPC are appropriate tools to adopt, for safe operations and
fuel-consumption optimization. MPC can be used to control a great variety of processes, from those with
relatively simple dynamic to more complex ones, including systems with long delay time or non-minimum
phase or unstable ones [32]. The TE’s power output and the downstream pressure are the process variables
to be scheduled or dynamically controlled during gas bagging. The TE’s schedule could be optimized itself
enabling even lower carbon emissions.

3. Reference system modeling

In this section, the authors propose an in-depth transient analysis based on the system configuration of
Figure 1. For this purpose, a numerical model has been implemented in a Matlab-Simulink® environment.
For this kind of system, the key parameters that play a key role in methane-hydrate formation, are the thermal
inertias of the water contained in the hydraulic circuit and the metal mass of the boiler. This requires the
modeling approach to be fully dynamic in order to achieve accurate results. This allow us to model other
components with a steady state approach while dealing with dynamic conditions. The numerical model
validation was based on data acquired during real plant monitoring [19] basing on the Italian demonstrator
located in the city of Genoa. Two typical case scenarios are considered that are related to summer and
winter operations. Furthermore, an energy and economic comparison between conventional and gas-bagging
operations is performed for different control architectures respectively based on a constant temperature set-
point for the boiler control unit, PID control and MPC. In Figures 3a-c, a schematization of each control
architecture adopted is represented, while in Table 2 the control parameters are reported.
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Table 2: Control parameters.

Control type Value
Constant temperature, set point (K) 360
PID optimized set point, P;I;D (K) 10;1;0

3.1. Thermal unit
The energy model of the boiler unit [33] is given by (4):

dT oy . .
Ctot#t + MwCp,w (Tout - ,I; ) = Qb (4)
in which Ci; was determined by
Ctot = Msteelcsteel + MWCW (5)

where Qb is the boiler output while Mgeel, Csteel, Mw and Cy, stand for the boiler metal mass, stainless-steel
heat capacity, water mass, and water heat capacity respectively.

3.2. Heat exchangers

A steady-state approach is used to model the heat exchanger units. This is because the thermal inertia
of the metal mass and water can be considered negligible compared with the thermal inertia of the hydraulic
circuit. This is based on the effectiveness-NTU (number of transfer units) method [34]. All the heat exchang-
ers were modeled with the counter-current flow configuration to increase effectiveness. The effectiveness (¢)
and the number of transfer units (NTU) are determined by

1 — ol-NTU(1-C))]

© T I e NTU(-C)] (6)
A
NTU = - (7)

where U A is the overall heat transfer coefficient and C. is the ratio between the minimum and the maximum
heat capacity of the two fluids.
The heat exchange between the two fluids is defined by

Q = eChin (Th,i - Tc,i) (8)

where Ti, ; and T¢; are the hot and cold fluid inlet temperatures, respectively.

3.3. Hydraulic circuit
The thermal inertia effects on the system dynamic are modeled by considering an equivalent water tank

model. This component is implemented based on [35]. For simplicity, the temperature gradient was considered
to be heterogeneously distributed in the control volume. Thus, the energy balance is given by
dT. . .
(me)T: = Qaux — Ls — (UVA)(Ts — To) 9)

where m and ¢, are the water mass contained in the tank and its specific heat value; Ty and T, stand for
water and ambient temperatures respectively; Ls represents the thermal power required by the preheating
process and Qaux is the auxiliary (boiler) thermal gain.
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3.4. Joule-Thomson valve

In natural gas pressure reduction stations, control of Joule-Thomson valves is purely pneumatic. Thus,
the downstream and upstream gas pressure act on a diaphragm whose scope is to regulate the desired actuator
position. The set-point is regulated by operators intervening on a balancing spring. In a gas-bagging-based
operation, retrofit measures on the valve control have to be undertaken. These consist of the implementation
of a remote-controllable actuator whose scope is to follow the opening schedule for gas bagging. For simulation
purposes, the actuator opening was managed by a PID controller in the conventional operation simulation
and by a pre-designed schedule for the gas-bagging-based operations. The modeling approach used in [36] are
also implemented in this study. The temperature variations caused by the Joule-Thomson effect are modeled
by considering a coefficient of 4.778 K/MPa [37]. The natural gas mass flow passing through the valve (q) is

defined as
q:KG V -Pm(-Pl _Pout) (10>

in which the flow coefficient of Joule-Thomson valve (K¢g) was determined by

p*T*
Ka = s4/2 11
G =S\ (11)

where s denotes the flow area at the plug; P*, T*, p*, respectively stand for pressure, temperature and density
at the reference conditions. The plug area s depends on the actuator position (y) and the plug diameter
Dplug:

S = yDPlug (12)

3.5. 8.5. Turbo expander

Normally, every TE has its own performance map where the mass flow rate passing through the machine
with respect to the pressure ratio and the isentropic efficiency are reported. However, the TE was implemented
by considering (1)-(3) and the variable inlet guide vanes (VIGV) of the TE, used to control the mass flow
rate, were modeled by using valve model i.e. (10)-(12). In addition, during a gas-bagging operation, the
pressure transients would affect the mass flow entering the TE thus affecting the power production. So, in
order to keep the power production stable, a proportional and integral controller has been implemented in the
gas-bagging model as shown in Figure 3. Here, the process variable (PV) is the mechanical power output of
the TE while the manipulated variable (MV) is the valve opening (y). The proportional and integral values
were respectively 0.001 and 0.0005 meters.

3.6. Header

The outer temperature of the header component, denoted by T22der where the diverse flows converge,
is modeled as follows: T
m. T

Thcadcr — 2 1 (13)

out : m;
1

where m; and T; are the mass flow rate and the temperature of the i-th water stream, respectively.



3.7. Distribution pipeline

Normally, to model the pressure dynamics in pipeline systems, isothermal or non-isothermal models de-
rived from energy, momentum, and mass balance equations are used [38]. The solution method of partial
differential equations is normally based on a finite-differences method. In this study, to achieve faster simu-
lations, the authors employ an isothermal lossless modeling approach to estimate pressure variations at the
inlet of the straight pipeline [39]. The choice of an isothermal model is suitable due to the slow pressure
dynamics involved. In addition, the limited pipeline length, makes the use of a lossless model favorable
ensuring realistic results. More precisely, the pressure dynamics at the inlet of the pipeline segment were
modeled by

dP, RT;

dr 'V,
where P, R, Ti, V,, 1in, Mout Tespectively stand for the natural gas pressure at the inlet of the pipeline
segment, the gas constant, the inlet temperature and the volume of pipeline, the inlet, and the outlet gas
mass flow rate of the pipe segment.

The downstream pressure at the end of the straight pipe is modeled by using Renouard’s model [10],
which is used for designing networks:

(min - mout) (14)

P2 — P? = (46742)pLV;}-82 D482 (15)

where P} and P, represents the pipeline inlet and outlet pressure respectively; p stands for the gas relative
density, and L, Vi, and D are the pipeline length, gas volumetric flow, and diameter of the pipe section.

3.8. Model predictive control implementation

The BO unit control was implemented using linearized MPC. This enabled fast simulations without
affecting system performance. In fact, no constraint violations were detected during plant simulations.
The MPC implementation was made with a Level 2 S-Function [11] in Matlab-Simulink®. This allows
users to define a custom block through Matlab script and to set the desired block time sampling for the
simulation (120s). Several processes using variables were measured. These were utilized to compute the
optimization process using the interior-point optimization algorithm of the fmincon solver of the Matlab
toolbox. Furthermore, the manipulated variable i.e. the fuel mass flow rate that feeds the boiler, is sequentially
updated. The measured variables of the process at time x were the natural gas flow rate /g, the TE’s
outlet and inlet temperature of the natural gas Ti} 1, Ty, vr the boiler thermal efficiency 7y, the delivery
temperature of the natural gas T, and the TE’s inlet pressure P and the isentropic efficiency 7nJ. To

estimate the temperature of the natural gas at the TE’s outlet at time x+1, the following model was employed:
T:u—it_}I‘E = T:ut,TE + C [T(fut,TE - ﬁn (T;el + ATb)] (16)
where ( is a dimensionless scaling factor whose value has been heuristically optimized in order to achieve a
stable control behavior by means of several tests and 8 is defined as:
—1

o \ ()
g = (T (17)

In (16) AT}, is the water temperature difference that occurs in the boiler unit. This is derived from an energy
balance in the boiler unit:
’I]ST‘.rquelLHV = chCpATb (18)

For the sake simplicity, the pre-heating of the natural gas occurs with no energy loss:
T]gmfuelLHV == m%Ecp,gaSATHE (19)

where ATyg is the temperature increase that occurs in the natural gas preheating heat exchanger (HE1).
Finally, by substituting (17) and (18) in (16), (20) represents the natural gas at the outlet temperature of
the TE at time step xk + 1:

K K K K K nﬁmfuelLHV
Tout,lTE = Tout,TE + é' {Tout,TE - 6 |:Tdc1 + <;)n>:| } (20)

K
TECp,gas

10



M *Jan

1.20 = *Jul
0.40

1.00 | II

0.80

0.60
1 3 5 7 9111315171921 23

Time (h)

mass flow (*kg/s)

Figure 5: Natural gas (*normalized flows).

From (16), the optimization problem formulation is
min mfuel(T(;{ut,TEv T(TutlTEv ) T(fut,TE’ BK’ Td’{el’ ngv LHV, mf[‘Ev prgas) (21)

subject to
275 — Towere <0 (22)

4. Results and discussion

In this section, the results relative to the two relevant case scenarios are reported.

4.1. Simulation scenarios

The relevant case scenarios considered in this study are linked to typical flow patterns for a natural gas
distribution system located in Italy [18]. As shown in Figure 5, the authors considered July and January flow
patterns for gas-bagging proof of concept purposes. This is because the most hazardous operations could
normally emerge during these periods where the natural gas flows are at their respective bounds. Furthermore,
for each scenario, two sets of simulations were performed: one related to the conventional operation where
the TE’s power output is driven by the natural gas flow rate and the equivalent simulations for the gas-
bagging-based operation. The latter were carried out by imposing a power production schedule on the TE
and on the Joule-Thomson valve. To maintain the TE’s power production schedule during downstream
pressure transients, a PID controller was used. This, acting on the VIGV of the TE, enables proper power
production. For each set of simulations, different control architectures were considered for the thermal unit
outlet temperature: constant set-point, PID optimized set-point, and linearized MPC. Finally, in order to
assess the effectiveness of gas bagging, for a daily time frame, the same energy production was imposed in the
conventional simulations. In Table 3, the component design characteristics are reported, while in Table 4, the
simulation initial conditions, which were kept equal in both the conventional and gas-bagging simulations,
are detailed.

4.2. Winter functioning

Thus, for the conventional winter case (Figures 6a-d), in 24-hour operation, the total energy harvesting
is about 12 MWh. As shown in Figure 6d, the energy production is concentrated in diurnal hours due to
the typical patterns that characterize natural gas distribution. As shown in Figure 6a, the TE reaches its
maximum power output for most of the day. The delivery pressure considerably decreases to a minimum of
about 1 barg while the MPC controller does not lead to constraint violations for the TE’s outlet temperature
i.e. the risk of methane hydrates can be excluded (Figures 6b-d). The same energy output, can be shifted to
night hours with the gas bagging (Figures 6e-h). In this case, a maximum bagging pressure of about 8 barg
is achieved. Following Figure 6d, in order to compensate the downstream-pressure increase, the TE’s PID
controller gradually increases the gas flow rate during the bagging mode without overstepping the maximum
inlet gas mass flow rate of the TE. The minimum pressure achieved (Figure 6f) in the gas un-bagging mode is
about 0.75 barg. This is enough to guarantee a proper operation for the low-pressure regulators. However, the
risk of achieving too low delivery pressures can be attenuated by opening the Joule-Thomson valve, enabling
pressure increase. Finally, the gas temperature at the outlet of the TE remains close to the set-point thanks
to the MPC controller, i.e. the risk of formation of methane hydrates is avoided.
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Table 3: Component details.

Component Value Component Value
Number of JT lines [-] 1 TE, power tracking PI gains (gas le-4; 5e-5
bagging)
HE overall UA [kW /K] 1.5 BO, nominal power [kW] 1500
HE1, overall UA [kW/K] 16 BO, steel and water mass [kg] 1998; 950
TE, model, Honeywell MTG550 BO, steel [kJ/kgK] 502
TE, nominal mechanical power 550 BO, fuel, P gain (conventional) 9e-4
kW] [ke /s
TE, VIGV, PI gains (conven- 3.16e-5; 2.71e-8 Hydraulic circuit volume [m?) 17.6
tional) [m]
TE, set point (conventional) [bar] 5.1 Hydraulic circuit heat transfer 25.9
area [m?]
JT-Valve set point (conventional) 5 Hydraulic circuit overall UA 10.36
[bar] [W/K]
JT-Valve plug diameter Dypiug 5 Downstream pipe diameter [mm] 50
o)
P1, P2, mass flow rate [kg/s] 8; 11.1 Downstream pipe length [km)] 118
Table 4: Initial conditions of the simulations.
Component Value Component Value
Boiler outlet temperature (K) 360.15 HP pipeline redelivery pressure (barg) 25
MP pipeline inlet pressure (barg) 5 Hydraulic circuit temperature (K) 360.15
a . e
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Figure 6: Winter scenario: (a-d) Conventional; (e-h) gas bagging.
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Figure 7: Summer scenario: (a-d) Conventional; (e-h) gas bagging.

4.8. Summer functioning

In Figures 7a-d, it is possible to observe the dynamic behavior of the system for the conventional operation
in a typical summer scenario. More precisely, the total TE energy production is about 5 MWh per day. The
minimum gas delivery pressure at the end of the pipeline segment is relatively high due to the lower mass flow
with respect to the winter case. No hazardous operations are detected in this case. Furthermore, in Figures
7e-h, the dynamic behavior of the system for the bagging operation is presented. Here, a maximum bagging
pressure of about 9 barg is achieved, while the modest gas flow rate involved does not seem to significantly
affect the delivery pressure at the end of the pipeline. Finally, no violation of the TE’s outlet gas temperature
was observed thanks to predictive control.

4.4. Pipeline length reduction

In this section, the gas-bagging effectiveness is analyzed for different pipeline lengths. More precisely,
the system behavior has been analyzed for a pipeline length of about 88.125 km (75% smaller), 58.750 (50%
smaller) and finally for 29.375 km (75% smaller). For this purpose, the power schedule of the TE has been
kept the same during the simulation while, the valve opening has been adjusted in order to satisfy the system
pressure constraints (13.8 bars) [27]. In Figures 8a-d, the system behavior for a pipeline length reduction of
about 25%. In this case, no pressure constraint violations are detected. In addition, the MPC’s response is
fast enough excluding any risk of methane-hydrate formation. Instead, for the 50%case (Figures 8e-h) the
pressure achieves a maximum value of about 14 barg, which is slightly higher than the maximum admissible
pressure foreseen by Italian standards. The case with a 75% reduction of the pipeline length (8i-n), is
infeasible since the operating conditions are considerably higher than their maximum. In this case, the only
way to proceed with gas bagging, is to redefine the power schedule in order to reduce the overall daily energy
production. Practically speaking, the TE’s power production should be limited to smaller quantities. In
Table 5, the results of gas bagging are presented. Here it is possible to observe how a length reduction of 25%
does not compromise the energy production schedule with energy penalization; thus the amount of energy
that is lost due to the pressure dynamics, is equal to 0. Differently, if the initial length is 50% smaller, a
25.8% energy loss is recorded with respect to the initial case (12 MWh). This is because the downstream
pressure is too high; thus the TE’s expansion ratio is not sufficiently low. This aspect is further highlighted
in the case in which the pipeline length is 75% lower than the initial case. More precisely, this scenario would
be infeasible since the TE should operate over its admissible operating conditions. In addition, the maximum
bagging pressure achieved in this case would be higher than 15 barg, while the admissible pressure for the
pipeline category is 13.8 barg.

4.5. Discussion and recommendations

In Table 6, the operational performance of the system for the gas-bagging mode are reported in comparison
to the conventional mode for the winter and the summer case scenarios. For each of them, three different
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Figure 8: Reduced pipeline length. (a-d) 25%; (e-h) 50%; (i-n) 75%.
Table 5: Gas-bagging assessment.
Case Pipeline length (km) Energy penalization (%) Scenario
25% reduction 88.125 0 Feasible
50% reduction 58.750 25.8 Feasible
75% reduction 29.375 41.6 Unfeasible
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Table 6: Gas bagging versus conventional.

Case Mode Control Fuel Gross TE Average Thermal Average Boiler behavior P/Q (-) Average Operation
cost income output TE unit thermal outlet
(euro)  (euro) P isentropic  energy efficiency temp.
(kWh) efficiency output (K)
Q (kWh)
January Gas Bagging Constant T 816 505.10 12010 0.54 11050 0.73 No Oscillations 1.09 278 Hazardous
PID 800 521.10 12010 0.54 10825 0.73 Oscillations 1.11 277 Hazardous
Linear MPC 800 520.00 12000 0.54 10800 0.73 No Oscillations 1.11 275 Safe
Conventional Constant T 850 470.00 12000 0.54 11640 0.75 No Oscillations 1.03 278 Safe
PID 767 564.00 12100 0.54 10330 0.73 Oscillations 1.17 271 Hazardous
Linear MPC 848 437.90 12100 0.54 11690 0.74 No Oscillations 1.04 275 Safe
July Gas Bagging Constant T 430 157.95 5345 0.48 5320 0.65 No Oscillations  1.00 298 Safe
PID 387 200.95 5345 0.48 4763 0.63 No Oscillations 1.12 289 Safe
Linear MPC 330 256.30 5330 0.45 4000 0.62 No Oscillations 1.33 275 Safe
Conventional Constant T 414 175.82 5362 0.50 4893 0.64 No Oscillations 1.10 282 Safe
PID 377 210.62 5342 0.52 4700 0.63 Oscillations 1.14 280 Safe
Linear MPC 365 218.00 5300 0.50 4320 0.63 No Oscillations  1.23 276 Safe

control architectures have been tested for the thermal unit control. Namely, constant temperature, PID,
and MPC. Following, the fuel cost, calculated as the fuel mass consumed multiplied by a reference constant
price (€0.8/kg) is reported together with the gross income calculated as the difference between the income
generated by the electricity production (€ 0.15/kWh) minus the operational cost. In addition, the value of the
average isentropic efficiency of the TE and the average boiler thermal efficiency are shown in Table 6. These
are calculated as the integral over the 24-hour operations. Furthermore, with reference to the thermal unit
control, the possibility of observing unstable behavior of the controller might arise. This is specially verified
when employing PID controller. To address this issue, the authors have defined a qualitative index named
boiler behavior as reported in Table 6. When oscillation occurs, frequent step changes, ranging from the
lower to the upper bound were observed. This behavior might be difficult to avoid even with a proper tuning
of parameters. Thus, being not physically acceptable, this kind of behavior must be avoided. Furthermore,
the average outlet temperature of the gas is reported in Table 6. This is calculated as the integral over the
24h operation. Finally, in the last column of Table 6, the risk of methane-hydrate formation is presented.
A hazardous operation occurs when the natural gas temperature leaving the TE goes below 2°C during
system operations. Differently, the operation can be considered safe. In addition, for the given case scenario,
the application of gas bagging to those systems with smaller downstream distribution system is possible for
pipeline networks longer than 88.125km (0.5m in diameter) with an energy penalization of about 25.8%. For
smaller distribution networks, it is highly recommended to limit the power production schedule in order to
reduce the daily energy production.

Finally, for the case study presented, it was possible to perform the gas-bagging operation and the MPC
control architecture turned out to be the most appropriate option which guaranteed cost-effective system
operations for this case study. Gas-bagging operations result to be more economically convenient with
respect to the conventional mode. This is due to the complex system dynamics involved which, in general,
foresee different operations of the TE and the Joule-Thomson valve. At this stage, it is worth recalling
that it might be possible to determine the optimized operating schedule i.e. optimal bagging and un-bagging
pressure, which could lead to even better performing operations.

With reference to Table 6, for the gas-bagging simulations, for the winter case scenario, a modest decrease
in the operational costs can be observed for the conventional mode for constant set-point, PID, and MPC-
based thermal unit control respectively. This issue is linked to the Joule-Thomson valve opening which occurs
with different dynamics between the two modes. In any case, MPC ensures a safe operation in both simulation
scenarios. Moreover, MPC enables a stable behavior of the thermal units compared to PID control, which
tends to generate undesired thermal load oscillations. With reference to the gas-bagging summer scenario
of Table 6 instead, MPC is capable of significantly reducing the operational cost by 23.3% per day with
respect to the constant temperature control, while ensuring safe operating conditions. This operational cost
reduction is more emphasized during summer than winter since, for a given temperature set-point for the
control of the boiler unit, at lower gas mass flow rate, a thermal overproduction occurs. This means that
the natural gas is excessively preheated before entering the TE. As a result, the outgoing natural gas will be
uselessly, relatively hot. Thus, an optimized control has shown that it enables significant energy saving.
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5. Conclusions

In this paper, the authors have presented a novel system management strategy to harvest energy from
natural gas distribution networks. This method, called gas bagging, enables flexible system operations in
the so-called natural gas pressure reduction stations equipped with turbo-expander technology. In fact, by
appropriately managing the downstream pressure of the gas, the energy production can be shifted to a desired
moment. The degree of flexibility of gas bagging is strongly dependent on the technical characteristics and
the safety constraints of the pipeline system. The risk of conducting hazardous operations can be properly
managed by employing a model predictive controller for the boiler units. In addition, a model predictive
controller enables operational cost reduction. Thus, from a reference case scenario consisting of a pipeline
of 118 km, the authors have demonstrated through numerical dynamic simulations that gas bagging allowed
us to completely shift the energy production to night hours while maintaining safe operations. Furthermore,
the results highlight that, for the proposed case study, a daily decrease of about 6% of the operational cost in
the winter operations can be achieved with gas bagging. Similarly, in summer periods, the operational cost
reduction was about 10%. In addition, for given power production schedule, the effectiveness of gas bagging for
pipeline lengths smaller than 25%, 50%, and 75% was assessed. Results demonstrated that the 25% reduction
did not affect the gas-bagging effectiveness or the energy production. At the same time, gas bagging can be
performed safely without any system-constraint violation. This condition is verified by reducing the pipeline
length by 50%. In this case, the system operates at its maximum tolerable conditions and an energy loss of
about 25.8% has been recorded with respect to the initial case scenario (117 km of pipeline). For smaller
distribution volumes, in order to perform gas bagging, the power production schedule must be limited in
order to reduce the energy production. Finally, gas bagging can be performed at different levels but accurate
analysis and tests must be conducted before implementation. Concluding, gas bagging has revealed itself to
be a strategic method to increase energy harvesting flexibility from natural gas distribution networks enabling
better integration into smart grids contexts. Future research steps should involve an in depth analysis of
the environmental performance of the gas bagging compared with the conventional operations. Further,
simulations using computational fluid dynamics for an in-depth understanding of downstream distribution
phenomena under variable boundary conditions and optimal scheduling should be consider as well.
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