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To the Ambiguity.
The only reason for which we are here.



"It is important to realize that in physics today, we have no knowledge of what

energy is."

Richard Feynman, 1964.




Abstract

In a swirling dynamic interaction, digital innovation, environment and
anthropological evolution are swiftly shaping the smart grid scenario. Integration
and flexibility are the keywords in this emergent picture characterised by a low
carbon footprint. Digitalisation, within the natural limits imposed by the
thermodynamics, seems to offer excellent opportunities for these purposes. Of
course, here starts a new challenge: how digital technologies should be employed
to achieve these objectives? How would we ensure a digital retrofit does not lead to
a carbon emission increase? In author opinion, as long as it remains a generalised
question, none answer exists: the need to contextualise the issue emerges from the
variety of the characteristics of the energy systems and from their interactions with
external processes. To address these points, in the first part of this research, the
author presented a collection of his research contributions to the topic related to the
energy management in natural gas pressure reduction station equipped with turbo
expander technology. Furthermore, starting from the state of the art and the author's
previous research contributions, the guidelines for the digital retrofit for a specific
kind of distributed energy system, were outlined. Finally, a possible configuration
of the ideal ICT architecture is extracted. This aims to achieve a higher level of
coordination involving, natural gas distribution and transportation, local energy
production, thermal user integration and electric vehicles charging. Finally, the
barriers and the risks of a digitalisation process are critically analysed outlining in
this way future research needs.
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1. Preface

1.1. Digitalization of the energy sector

During the past two years, the 90 % of the data in the world were created [1].
2.5 quintillion bytes of data created every day [1]. Advances in computing
power and efficiency have enabled more powerful and sophisticated analytics,
such as artificial intelligence and automation [2]. For example, advanced
analytics enable sophisticated control of building and industrial process
equipment [2].

In this context, the electricity sector is becoming more decentralized with the
proliferation of distributed energy resources connected directly to local
distribution grids [2]. Digitalization is allowing customers to become more
active in adapting their own electricity production, use and storage [2]. This
rise of small-scale, distributed generation allows consumers to increasingly
have the choice to buy electricity from a retailer or to produce at least part of it
themselves, becoming "prosumers™ [2]. Then, withdrawals and injections of
electricity from and into the grid can be actively managed using new digital
technology.

In the same way, energy system integration could lead to higher degree of
flexibility which could lead to optimized energy conversion and management at
local level if appropriate digital technology is employed.

However, due to the fragmented nature of the natural gas distribution sector,
the digitalization process of natural gas pressure reduction stations integrated
with external users might require a "case-by-case" design approach to be
accomplished.




1.2. Gas distribution in Europe and ltaly

The global demand for natural gas (NG) is expected to grow by up to 50% by
2040 according to the International Energy Agency, and NG is considered the
most promising fossil fuel of the 21st century [3]. Therefore, the European
natural gas transmission infrastructure has been continuously expanding over
recent decades to satisfy new territory needs. For instance, the total Italian
infrastructure length has growth approximately 4% in less than 9 years [4]. A
similar evolution was noticed worldwide, with the global demand growing by
more than 30% over the last 15 years [5]. According BP statistics [6], in 2017
the total World production is about 3680.4 billion cubic meters of which 951.5
were produced by North America while central America counts 179 billion
cubic meters. In Europe, the NG production in 2017 was about 241.9 billion
cubic meter. Middle East and Asia counts about 659.9 and 607 billion cubic
meter respectively. The NG supply chain consist in different parts: upstream,
midstream and downstream. After the exploration and production (upstream),
the midstream activities involves the natural gas import in as liquid (LNG via
ships) or gas phase (via pipeline). In this last case the NG pressure is increased
for transmission purposes by means of the compressor stations while the LNG
is regasified before being injected in the pipeline system. Finally, the NG

pressure is lowered in city gate stations (pressure reduction stations) to be




distributed to users. The entire supply chain is owned by different operators.
Normally, upstream, midstream and downstream activities are conducted by
different companies. For example, in Italy the upstream activities are managed
by ENI while the midstream activities are conducted by SNAM and finally, the
distribution is done by IREN, HERA, etc. and other similar companies.

Upstream Midstream Downstream

)

LNG imports

Figure 1. Natural gas supply chain [7].

More in details, as regard to the transmission infrastructure, it is generally
composed of different subparts: compression stations, transportation, storage,
pressure regulation stations (PRSs) and distribution. The role of PRSs is to
ensure a certain pressure drop between the transportation and distribution
nodes. NG pressure regulation is commonly achieved by throttling valves.
However, it is possible to upgrade this process, enabling energy recovery from
the pressure drop by implementing turbo expander (TE) technology or different
type of gas expanders (screw, piston etc). The pressure drop along the NG
pipelines is used to generate electricity that can be stored locally or returned to
the utility grid. In this case, the NG preheating process, which is fundamental to

avoid the formation of methane hydrate, would require higher thermal energy
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than that of the dissipative process. In Italy, the overall pipeline length is about
34628 km [9]. SNAM company, covering 93% of NG transportation grid,
counted 8962 redelivery points in 2015 [9].
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Figure 2. Natural gas flows [7]
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1.3. Aim and scope of the work

The aim of this work consists in the definition of technical guidelines for the
digitalization of a specific kind of distributed, integrated energy system comprising
natural gas distribution, district heating networks and power production. To design
the technical guidelines, the author mainly employed his previous research
contributions, and used a holistic approach to identify the implementation of a
digital retrofit. In fact, all the possible latest system configurations, management
strategies and energy technologies are taken in consideration; thus, ensuring the
digitalization process to be properly accomplished: the proper ICT architecture is
identified and key process parameters have been investigated. To be more precise,
the numerical models employed have been created and properly validated based on
real data deriving from a demonstrator constructed within the European CELSIUS
project framework [1]. Finally, the previous research contributions of the author
mainly involved the formalization of the research question and the modeling
activity, while the actual contribution of this work with respect to the author's

previous research outcomes can be summarized in the following points:

e An in-depth analysis of the most recent pressure reduction station configurations,

management strategies and energy technologies.

e The identification of the key parameters involved in the digitalization process, at

system and global level based on an advanced modeling activity.
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e The preliminary design of the ICT architecture to enable integrated control and

optimisation.

e An insight relatives to the barrier and risks of the digitalization of the gas

distribution sector.

e A discussion relative to the regulatory framework and the possibility of new

business models.

As shown in figure 3, this work is organized in six main phases. The first one is
related to a critical, in-depth review of the state-of-the-art in order to identify the
most common system configurations that can be employed during a PRSs
retrofitting projects. Starting from literature and the author previous research
contributions, the author identify the key process parameters to be monitored and
the external information to be acquired to enable an optimal system management
and an ideal coordination with external processes (phase 2). Based on these
information, the ICT architecture is designed (phase 3). Further, the measuring and
verification strategy is presented. This post activity, is based on dynamic modeling
of the system (phase 4). Finally, a new business model based on a cooperative
approach is introduced (phase 5). Concluding, a discussion and recommendation

section is presented (phase 6).
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* In-depth analysis of the state of the art

« Identification of the key paramenters for control optimization
starting from previous research contribution of the author

* Preliminary design of the ICT architecture

« Performance monitoring and verification

* New business model identification

« Discussion, reccomendation and best practices.

oo Cod - 4

Figure 3. Work structure.
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2. Literature Review

In the following sections, the author provide a state-of-the-art overview and an
insight of the most recent researches related to the modeling activity

conducted.

2.1. State of the art overview

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]. 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
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pipelines until the distribution nodes. At this stage, so-called pressure reduction
stations (PRS) 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 [2], 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.

The potential energy that might be recovered from PRSs has become an
interesting issue for the research community. This aspect is also emphasized by
the growing number of PRS; for instance, in Turkey, according to Neseli et al.
[3], the number of PRS increased from 274 in 2010 to 320 in 2012, and in [3],
for a single PRS, a potential electricity recovery of 4.11 GWh/year was
estimated for an annual natural gas mean flow rate of approximately 4.953 kg/s,
with a maximum of 6.36 GWh/year for the highest natural gas flow scenario.
Borelli et al. [4] used numerical dynamic simulations to calculate a potential
energy recovery of approximately 2.9 GWh/year for a total preheating need of
approximately 3.1 GWh/year. In general, the energy recovery depends on the
natural gas flow rate, the component characteristics and the pressure drop, as
clearly highlighted in the literature [5], [6], [7] and [8].

Technological innovations in natural gas networks with energy recovery have
been increasingly demonstrated by recent studies in which different system
configurations have been analysed. Howard et al. [9] investigated a hybrid
version of a TE application in which a portion of the preheating energy was
provided by a molten carbonate fuel cell working with natural gas. The results

showed that the maximum efficiency of a 12.000 scm per hour TE increased by
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approximately 10% after implementing the fuel cell. In this case, the total
power production was approximately 0.934 GWh/year. To decrease the fuel
consumption, Farzaneh-Gord et al. [10] considered the possibility of employing
a geothermal heat exchanger to boost the preheating process. However, this
configuration does not consider the use of TE technology for waste energy
recovery (WER). Arabkosarh et al. [11] investigated the possibility of coupling
solar thermal collectors and PRSs. Here, simple payback periods of 2.3 years
and 6.3 years were estimated with and without implementation of the TE.
Kostowski et al. [12] reported the integration of a PRS with a cogeneration unit
to propose a thermo-economic analysis, and the results seemed to show
economic advantages over boilers. Farzaneh-Gord et al. [13], [14] studied the
feasibility of employing uncontrolled and controlled linear heaters with a solar
system in PRSs. Another study was presented by Farzaneh-Gord et al. [15],
who focused on the possibility of employing vertical ground-coupled heat
pumps and modelled the system by writing energy and thermal equations.
Economic analysis was then adopted for selecting the most efficient layout of
the geothermal system. In [16], with the same method, the authors identified the
technical criterion for economic justification of employing combined heat and
power (CHP) technologies in PRSs. In a similar manner, Arabkoohsar et al.
[17] provided an energetic and economic analysis for PRSs coupled with CHP.
The thermodynamic deterministic model was subsequently linked to an
economic cost benefit analysis to evaluate the efficiency of the considered
system configurations and, therefore, the optimal design. Robust traditional
methods proved to be effective in guiding the integration of energy recovery
from PRSs with different renewable energy sources, although they were
challenging to develop. Finally, in [18], the possibility of reducing the water
process temperature was investigated; this is a key aspect to exploit, for
instance, with regard to low-temperature waste heat. Kostowski et al. [19] used

a thermodynamic model of a PRS to define the thermoecological cost of
17




electricity production; this cost has the advantage of providing a complete
picture that includes not only the analysed system but also the production
process of the resources consumed by that system, as well as the emission of
pollutants. The optimization of the system control was also investigated in
other studies. A timing optimization model of a single-stage, single-acting,
reciprocating expansion engine was presented in [20]. Pellegrino and Villecco
[21] proposed an optimal control approach based on a fuzzy logic system; in
this research, the proposed widely used optimization and control method was
specifically applied for the first time to energy recovery in PRSs. Without
delving into the physics of the phenomenon, the fuzzy control achieved good
results, with negligible investment costs, a calculated energy recovery larger
than 15% and a decrease in the maintenance costs of approximately 15%. In
[22], Lo Cascio et al. proposed a multi-objective mathematical model for PRS
optimal control where the electrical energy produced by the TE was
differentiated based on how the preheating phase was accomplished (renewable
sources or fossil-fuel-based production). Their model is based on dynamic
modelling through an operational formulation involving costs, environmental

impact and the form of energy.

The optimal design issue of the PRSs was investigated by Sanaye and Nasab in
[23], who proposed a relatively fast method to select the size and number of
components for PRSs using an objective function defined as the sum of the
income and expenses. Subsequently, the optimum values of nine decision
variables were obtained by maximizing the objective function using the genetic
algorithm optimization technique. According to the authors, this hybrid semi-
empirical procedure permits efficiently calculating the optimal configuration
for a wide range of operating parameters. However, the variability of the WER
potential, which is dependent on the NG flow patterns for a given TE, was not

considered in this study.
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[2]
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[5]

Recent studies, focused on optimal design of integrated natural gas pressure
reduction stations [24], integration with parabolic trough solar collectors [25].
In addition, a technique to increase the energy production flexibility, called gas

bagging, has been recently introduced by the author inb [26].

The performance assessment of the system in comparison with a baseline

process, have been analysed in [27].
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3. Research contributions

3.1. CHP integration and optimal control

The integration of cogeneration units into PRS process issue, has been deeply
analyzed by the research community during the recent years. In fact, Lazzaretto et
al. presented an optimization procedure based on symbolic exergeconomic
methodology for a system comprising a CHP and TE units in [1]. Sanaye et al.
defined a relatively quick method to find optimal nominal component sizes for
PRSs retrofits in [2]. Among all the possible PRSs configurations, Howard et al.
investigated the possibility of accomplishing the pre-heating phase by using a
molten carbonate fuel cell in [3]. Results show how the hybrid system (TE/fuel
cell) may increase the efficiency by about 10 percent for certain cases. Kostowski
et al. define a thermodynamic and economic analysis of TE application providing

an interesting case study in [4].

In [5], the integration of cogeneration and its control has been investigated. In fact,
here a multi-objective mathematical model for the control optimization of
retrofitted PRSs integrated with thermal users. Referring to the pressure regulation
process, the NG preheating phase could exploit fossil fuels, renewables or a mix of
them. Depending on the system configuration, the proposed optimization model

enables a proper differentiation based on how the NG preheating process is
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expected to be accomplished in the following time intervals. This differentiation is
achieved by weighting the electricity produced by the TE and linking it to
customized energy remuneration tariffs. In the following sections, a generic
formulation of the multi-objective model is given. Finally, the effectiveness of the
model has been tested on an existing integrated urban system in the city of Genoa.
Here, the thermal energy is provided by means of two redundant gas-fired boilers
and a cogeneration unit. Furthermore, the whole system in thermally integrated
with a district heating network. A numerical model, created with the software
Honeywell UniSim Design Suite, is presented. Results have been compared with

the optimal solutions achieved.

3.1.1 Methodology

The study has been carried out by following the methodology shown in figure 4. A
mathematical model has been preliminarily developed and an existing integrated
grid has been used as a case study. Based on this system configuration, a numerical
dynamic model has been implemented by using commercial software UniSim
Design Suite [6]. The numerical model created, allows users to analyze systems'
transients. The Peng-Robinson state equation package has been used for this
analysis. Furthermore, the current control logic of the existing system has been
implemented within this model. Finally, a case scenario has been simulated.
Results in terms of economic performance and environmental emissions have been

compared with the optimal solution identified by the multi-objective model.
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Figure 4. Methodology

3.1.2. Integrated micro-grid reference configuration

The proposed mathematical model refers to a generic integrated system
configuration whose components are shown in figure 5. Here, the NG pressure
drop is accomplished by means of throttling valves which are located in parallel to
a TE, whose function is to recover energy. A CHP units and the gas-fired boilers
are included in this system configuration, to provide the necessary heat to the
process. Finally, the reference configuration is thermally integrated with a nearby
DHN or, more generally, with an industrial process. The model refers to a given
pressure drop which has to be maintained constant during the system operation.
Finally, with appropriate modifications, the proposed model could be applied to

different system configurations that may include non-dispatchable production units.
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Figure 5. Integrated micro-grid generic conceptual structure

3.1.3. Modelling and optimization

In the following sections, an economic and environmental problem formulation

will be presented.

CHP economic problem formulation

The non-linear convex function [7] of the total cost of the cogeneration units is

represented by:

Conp,j (£) = @ + B Petpj () + ¥ Penpj(t)* + 6 Qi () + & Qnp,j (1)? 1)
+ & Ponp,j(8) Qenp,i (1)
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The output of unit j is assumed to lie in a region in the P; Q; plane bounded by n;

lines [7]. The lines are defined by equation 2:

ajiPi + bini = Cji; j =1,..... ,Ni (2)

where the coefficient aj, represents fixed operational costs of unit j. More precisely,
in this study, capital cost were not considered. The Bj, vj, dj, €, represent the
operational cost of unit j and finally, & represents the well-known coupling term

[8]. a; , bjand cjare the coefficients of the equations, which represent the

boundaries of the feasible heat-power region of each cogeneration unit.
Thermal unit economic problem formulation

The non-linear convex function of the total cost of the thermal units is represented

by:

Cp,i(t) = a; + BiQpi () + ¥iQp,i(t)? 3)

with the following inequality constraints upon thermal power

Qi < Qu(t) < QP (4)

Turbo-expander economic problem formulation

The operational cost of the TE can be formulated by using a linear equation as

follows:

Cie () = ag + BiNiex () + VP (t) ©)

subjected to the linear equality constraint:
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Pex(t) = prcNie i (t) (6)

where py, is the NG/ power correlation factor.

with the local constraints:

N > Nigi () = NS and PTR < P (6) < PO )

Throttling valve economic problem formulation

The operational cost of the throttling valves is formulated as follows:

Cvlv,s (t) = U + Bstlv,s (t) (8)

subjected to the inequality constraints:

Nmin < Nvlv,s(t) < v (9)

vlv,s vlv,s

Electric and thermal grid economic problem formulation

The operational cost due the withdrawal and the injection of power with the electric

national grid is:

Cera(t) = agPyitmdrawal (1) — Wj (D)0t iPsotd () — Wi (D)0 sha e Prota(£) (10)

Instead, the operational cost for the local thermal grid is defined as:

Cgﬁid(t) = _Wt(t)o-gr]id,jQu(t) - Wy (t)o-grlid,iQu(t) (11)
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where w; and wy are respectively the electricity price factors for cogeneration and
waste energy recovery. Moreover, Q,,(t) is the thermal demand at time t that
corresponds to the district heating network thermal demand at time t. Instead, w;

represents the thermal power cost and the electric and thermal weights are defined

as:
el _ chp](t) el Pte (t) (12)
grld] chp](t) + Pte k(t) grld k= chp,j (t) + Pte,k(t)
S Qcnp,i () _—_— Qp,i (1) (13)

T Qutp () + Qi (1) Ogriai = Qetp (1) + Qi ()

Mixed thermal production and electricity recovery

For those system configurations where the thermal energy is provided by both
fossil-fuel based units and renewable technologies, e.g. solar flat plate collectors or
solar thermodynamics, it becomes necessary to add some further considerations
regarding the electricity recovered by the TE. More precisely, it is necessary to
define two different tariffs in order to properly incentivize the energy produced by
the TE. This means to distinguish the fraction of the heat, used for preheating,
which fully derives from fossil-fuel from the one which derives from renewables.
For this purpose, during a control optimization procedure, at each time interval, the
electricity produced by the TE should be properly weighted and linked to the
appropriate tariff. With these considerations, referring to a system where the
thermal production is provided by means of flat plate solar collectors and boilers

(no CHP units), the electrical grid problem is defined as:

grld(t) ag withdrawal (t) Sold (t) (14)

where:

Psotd () = Wie1 (D)0 gtta nPre (K, £) + Wiz ()03 ; Prec () (15)
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and ¢ and o™, . are defined as:

gridn grid,i

O'th~ — Qsol,n(t) . O'th _ Qb (t) (16)
gridn Qsol,n(t) + Qb,n(t) ’

gidi ™ Qsol,n(t) + Qb,i(t)

where Qg (t), represents the thermal energy generated by the solar flat plate

collectors at time t.
Tariffs structure and legislation

The proposed thermal weighting functions are useful tools for assessing the proper
incentivization of the recovered energy in a control optimization procedure. It
worth to remind that it is up to the legislators to define the structure of incentives to

address this problem.
National Incentives problem formulation

Referring to the cogeneration unit, the electricity produced is normally subjected to
national incentives, which are usually based on the total effective energy produced
in cogeneration asset. The Italian regulations [9] envisage clear instructions about
how to calculate the economic value of the incentive for different cases and

conditions[8]. More precisely, the value of the incentive is defined as:

Cincentive,j (t) =—WC=* b(t) (17)

where b is the economic value of the so-called “white certificate” WC:

WC = RISP(t) * 0.086 * K (18)
and RISP is defined as:
RISP(¢) = 2wl | Beoi® _ o ey (19)
Nelrif Nth,rif
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With the constraint relative to the Primary Energy Saving (PES) index:

PES(t) > 0 (20)

where 0 < 9 < 0.1 depending of the type of cogeneration technology considered

[8].
PES is defined as:

(21)

1
Henp,(® | Echp, ()
Fchp,j ) Fchp,j )

PES(t) = 1 - x 100

where: Hepy i (), Fenp,j(t) 1 Ecnpj(t) are respectively, the thermal energy, the fuel

consumption and the electricity produced/consumed in cogeneration asset [9].
Moreover, it is necessary to define the quantities:

Hrongp; (), Foongyy,; ®, Enonchp‘j(t)which are respectively thermal energy, fuel

consumption and the electricity produced/consumed in non-cogeneration asset [9].

Finally, it is possible to define:

Qchp,j (t) = Hchp,j (t) + Hnonchp,j(t) (22)
Pchp,j(t) = Echp,j(t) + Enonchp‘j(t) (23)
mfuel,j(t)LHV = Elonchp‘]- (t) + Fchp,j(t) (24)
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Economic objective function

Finally, it is possible to define the economic objective function as

minC = Z Cchp,j (t) (25)
J

+ Z Cp,i(t)
i

+ Z Cte,k(t) + Z Cvlv,s(t) + Z Cincentive,j (t) + Cgrlid (t)
k s j

gr1d (t)

Global constraints

Thermal energy balance:

Qslrjgeatmg (®) tp;riheatmg () (26)
Qu(t) +z< ) Z( — Zle(t)
Z Qchp ](t) =0

Power balance:

Pu(t) + Psold(t) - Pwithdrawal(t) - Z Pchp,j(t) - Z Pte,k(t) =0 (27)
J k

Natural gas energy balance:
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Nu() = D Nigie(®) = ) Nys(6) = 0 28)
k s

CHP environmental problem formulation

The GHG emissions from the CHP units can be considered proportional to the
thermal power generated. The emissions can be represented by the following linear

function:

echp,j(t) = anchp(t) (29)

Thermal unit environmental problem formulation

The GHG emissions from the thermal units alone are proportional to the thermal

power generated. The emission is represented by the following linear function:

ep,i(t) = a;Qp,i(t) (30)

Turbo-expander environmental problem formulation

The GHG related to the TE operation have to be considered as the avoided grid
emission due to the added local electricity production. i.e. the emission that would
be generated if the same quantity of electricity, generated by the TE, were to be
acquired from the national grid. Finally, the emission model for TE operation can

be formulated as follows:

() = —W(t) ) Pei(®) (31)
k

where w(t) is the national electricity emission factor.
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Throttling valves environmental problem formulation

The GHG related to the throttling valves operation have to be considered as the
emissions due to the not added local electricity production since the same quantity
of gas could be released potentially by a TE unit, so, a potential part of waste

energy has not been recovered.

evlv,s(t) =0 (32)

Electric and thermal grid environmental problem formulation

egha(®) = w(t)Pyitndrawan () (33)
egia(t) = 0 (34)

Environmental objective function

mine = z €chp,j () + Z ep,i(t) + Z ek (t) + Z ey, () + egia(©) (35)
i k s

J

Multi-objective function

min{cC + (1 — o)l'e} (36)

where 0 <o < 1.
3.1.4. Case study
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The case study proposed is located in Genoa city (Latitude:44.3435; Longitude:
8.959). The area includes different industrial activities, residential buildings and

offices as shown in figure 6.

Thermal Pressure
Plant Regulation

— ]

— DISTRICT HEATING NETWORK

3 Thermal Users

Figure 6. Site overview

Integrated system and process description

As shown in figure 7, the case-study involves a multiple energy carriers
integrated system where the NG, which arrives from the national grid at 24 bars, is
expanded down to 5 bars, through 3 parallel throttling valves with a nominal

capacity of about 60,000 Sm®h each. A parallel line brings

NG to a TE of about 550 kW of nominal mechanical power and 22,500 Sm*/h.
The thermal energy necessary for the NG preheating process is provided by two
gas-fired boilers of about 950 kW4, each. Another part of the heat is provided by a
cogeneration unit. More precisely, the CHP unit is a gas-fired internal combustion
turbocharged engine. The machine is capable of delivering, at nominal conditions,
550 kWg and 630 kWy,. Finally, a small scale DHN provides thermal power to the
local users. Currently, the CHP control logic is based on a thermal load tracking
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strategy. The CHP and the boiler units are not feed by the amount of NG processed.

They have a dedicated line.
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Figure 7. Case study integrated system.

UniSim Design Suite Numerical Model

In order to evaluate the potential energy and environmental benefits of the

proposed mathematical model, the integrated grid has been modeled in dynamic

regime by using UniSim software. UniSim is a process modeling software that

allows to create steady-state and dynamic models for plant design, performance

monitoring, troubleshooting, business planning, and asset management [6]. In
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figure 8, it is possible to appreciate the system process and flow diagram. Here,
very few simplifications have been made: in the reality, the two gas-fired boilers
have a local control logic which manages the starts and stops of the two thermal
units in order to achieve the most efficient working conditions. For simplicity
reasons, an equivalent single thermal generation unit has been implemented in the
model as shown in figure 8. Possible thermal losses in the headers and in all other
components have not been considered in this study. The model has been built after
intensive on site surveying and component analysis. The cogeneration unit has
been modeled considering a simple thermal unit. Its control is based on the hot
water temperature (whose set point is 82°C) at the inlet in the hydraulic circuit
relative to the district heating network and the pre-heating systems. Figure 9

represents the non-dimensional hourly volume flow of NG used for this case study.
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Turbo Expander i Thermal Unit |
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Figure 8. UniSim Design Suite integrated system process flow diagram
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Figure 9. Hourly volume flow of natural gas released in 2012
Solution methods

The optimal results have been calculated by using Matlab software. Here, two
different algorithms, available in Matlab, have been used to solve the optimization
problem. They are respectively the Fmincon and Genetic Algorithm (GA). This one
has been set to a population size of about 200 individuals, with a function
tolerances of about 1x10° and a constrain tolerances of about 1x10° .The
Generation was set at 1700. After different tests, it has been possible to observe
that the Fmincon solver allows one to find only a local optimal solution. On the
other hand, the GA seems to be more effective allowing one to reach global
optimal solutions in most cases. At this stage, it might be important to highlight
that the first algorithm was able to achieve solutions faster than the GA. More
precisely, the Fmincon solver took an average of 50 iterations to reach a solution.
GA iterations instead range from 125 to 500 depending on the case examined.
Some similarities have been identified in other optimization studies: [10], [11], and
[12].
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Discrete scenario evaluation

In order to test the effectiveness of the proposed model, a typical winter scenario
has been considered. Figure 10 describes the hourly trend of the thermal, electrical
and NG demand for a typical winter day on a 24-hour scale.

scm/scm*
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= Natural gas demand at 5 barg

] 3
*
32 = Q_J\
< \
;1 [ —
~
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h
=== DHN thermal demand

= |nternal user power demand

Figure 10. Case scenarios a) NG demand b) Thermal and electrical power demand

3.1.5. Results and conclusions

The economic and environmental optimization results for the above-mentioned
case scenario are presented in table 1 in comparison with the thermal load tracking

control logic. Referring to the economic optimization where the weight ¢ has been
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set equal to 1 (fully economic optimization), the best performing solution is given
by the GA where a global optimum has been reached. Here, a potential daily
operational cost reduction of about 17% could be achieved with respect to the
thermal load tracking strategy. Instead, for the same case scenario, considering the
environmental emissions, it is possible to observe a better performance for the
thermal load tracking control logic with carbon emission recovery of about 1.
Considering the environmental optimization (6=0), the most effective results have
been identified by the Fmincon solver where a potential daily reduction of about
20% of the operational cost could be achieved with a carbon emission recovery

3.32 times higher than the thermal load tracking strategy.

Table 1. Optimization normalized results.

Economic Optimization 6=1 Environmental Optimization ¢=0 Thermal load tracking
) environmental ) environmental . )
operational cost L operational cost L operational | environmental
emissions emissions o
cost emissions

Fmincon | GA | Fmincon | GA | Fmincon | GA | Fmincon | GA

Euro* | Euro* kg* kg* | Euro* | Euro* kg* kg* Euro* kg*

0.93 0.83 -0.71 0.80 0.87 -3.32 1.00 -1.00
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Figure 11. Method comparison: a) Operational costs b) Carbon emissions
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Figure 12. Operational configuration comparison: a-b) Environmental optimization,

Fmincon and GA

c-d) Economic optimization, Fmincon and GA

In figure 12-d, it is possible to appreciate that, in this specific case (i.e economic

optimization, GA), the cogeneration unit should be always switched off and the

thermal energy need would be entirely supplied by the thermal unit. Besides, a
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small percentage of electricity should be purchased from the national grid. The
alternative local optimum proposed by the Fmincon solver foresees the startup of
the cogeneration unit at 100% load from 07.00 till 00.00. Referring to figure 12-b,
the peak that is possible to observe at h 19.00 h 23.00 is due to an optimal solution
that foresees important slowdowns of the TE which is responsible for the carbon
emission recovery. Of course, this would not affect the respective operational cost
whose trend is shown in figure 11-a.

Referring to the most effective environmental solution figure 12-a, the Fmincon
solver identifies an working configuration where the cogeneration unit should still
be off 24 h. Here, no electricity is purchased from the national electric grid.
Moreover, the solution provided by the GA would foresee a not feasible working
condition for the cogeneration unit since it should work under its technical lower

limit of 293 kW, Therefore, this solution would not work in reality.

The effectiveness of the model, in terms of economic and environmental
performances, has been quantified and good results have been achieved. In fact, it
has been possible to observe that for a typical winter day scenario, the
mathematical model allows to achieve a daily operational cost reduction of about
17% with respect to the case in which the cogeneration unit control logic is based
on thermal load tracking strategy. The same reduction can be achieved in daily
carbon emissions. Referring to the fully environmental optimization, a 20%
reduction on the daily carbon emissions can be achieved. The multi-objective
model seems to provide a good compromise between carbon emissions and
operational costs reduction, even when fully economic optimization mode was

selected ( o=1).

However, generally speaking, slight changes on the NG demand may affect the
optimal solution. Then, it might be quite easy to identify different optimal working
conditions for different case scenarios. This is due to the system complexity and
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the high number of factors involved in the control optimization calculation. That
makes difficult to achieve general conclusion about what should be the best
working conditions for this type of system. Then, the usefulness of such model

become fundamental for optimal system operations.

NOMENCLATURE

b(t) national incentive value [€/tep]

Cp,i(i, t) thermal unit i, operational cost [€/h] at time t e T

Cenp,j (> t) cogeneration unit j, operational cost [€/h] at time t € T

C elld(t)electrlcal grid, operational cost [€/h] at timete T

Cgrid(t) thermal grid, operational cost [€/h] attime te T

Cincentive,j U t) incentive value [€/h] at time t € T

Cie x (k, t) energy recovery unit k, operational cost [€/h] at time te T

Cyivs(s, t)expansion valve s, operational cost [€/h] at time t e T

Eqp(j, t) cogeneration unit j, active power in cogeneration asset [MW] at time t e T
npn (1 t) cogeneration unit j, active power in non-cogeneration asset [MW] at

timeteT

ep,i (i, t) thermal unit j, environmental carbon emissions [kg/h] attime te T

echp,j (J, t)cogeneration unit j, environmental carbon emissions [kg/h] at time t e T

ek (k, t)energy recovery unit k, environmental carbon emissions [kg/h] at time t €

T

eyy,s (S, t) expansion valve s, environmental carbon emissions [kg/h] at time te T
grld(t)natlonal electrical grid, environmental carbon emissions [kg/h] attimete T
grld(t)thermal grid, environmental carbon emissions [kg/h] at timete T

Fenp (j, t) cogeneration unit j, fuel consumption in cogeneration asset [MW] at time

teT
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Fnonchp(j, t) cogeneration unit j, fuel consumption in non-cogeneration asset [MW]

attimeteT
Hg,,(j, t) cogeneration unit j, thermal power in cogeneration asset [MW] at time t €
T

Hrongy, (j, t) cogeneration unit j, thermal power in non-cogeneration asset [MW] at

timeteT

i generic thermal unit

J generic cogeneration unit

k generic turbo expander

K correction factor

LHV lower heating value [MW/kg]

M (J, t) cogeneration unit j, total fuel mass flow [kg/h] at timete T
N.(k, t) energy recovery unit k, delivered NG [kW] attimete T
N technical deliverable NG minimum of unit k [KW]

N¢ie technical deliverable NG maximum of unit k [KW]

N, (s, t) expansion valve s, delivered NG [kWh] attimete T
NI technical deliverable NG minimum of unit s [kKW]

vlv,s
Ny technical deliverable NG maximum of unit s [kW]
PES primary energy saving index
PES(t) Primary energy saving index attimete T
Py, (j, t) cogeneration unit j, power [ kW] attimete T
P.(k,t) energy recovery unit k, power [kW] attimete T
PJQ}? technical power minimum of unit k [kW]
ok technical power maximum of unit Kk [kW]
Pyithdrawal (t) power withdrawal [KW]
Qp (i, t) thermal unit i, thermal power [€/h] at time te T

;ﬁn technical thermal power minimum of thermal unit i [kW]
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Q" technical thermal power maximum of thermal unit i [kKW]

Qcnp U, t) cogeneration unit j, thermal power [ kW] attime te T
QM8 (k, t) energy recovery unit k, pre-heating thermal power at time t € T

Qﬁffhea““g(s, t) expansion valve s, pre-heating thermal power at timete T
RISP(t)energy saving [MW] attimete T

s generic throttling valve

T set of time intervals considered in the daily period

t single time interval length

WC number of incentives accumulated [tep]

w;(t) cogenerated electricity tariff at timete T

wy (t)recovered electricity tariff at timete T

w1 (t) recovered electricity tariff (fully renewable) [€/kWh] attimete T
Wy, (t) recovered electricity tariff (fully fossil fuel) [E/kWh] at timete T
w,-(t)conventional thermal power tariff [€/kWh] at time te T
w,(t)cogenerated thermal power tariff [€/kWh] at time t e T

w(t) national electricity cost factor [€/kWh] at time t € T

Greek letters

eyg,s €Xpansion valve s, heat exchanger effectiveness

g,k €nergy recovery unit k, heat exchanger effectiveness

et average electrical national grid efficiency

N,rie @verage thermal national grid efficiency

pr NG/ power correlation factor unit k

Ugrlidj cogeneration unit j, electrical weight
gnd xrecovery unit k, electrical weight

gnd ; cogeneration unit j, thermal weight

grldl thermal unit i, thermal weight

grldn thermal unit n, thermal weight
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o energy policer decision weight

I" avoided carbon emissions incentive factor (euro/kg)

Abbreviations

CHP combined heat and power
DHN district heating network

NG natural gas

TE turbo expander

WER waste energy recovery
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3.2. Key Performance Indicators

If a certain expertise was developed in operatively increasing the efficiency of the
PRS recovery systems through the integration with RES or CHP, the topic of the
assessment of the global energy efficiency of the process has not yet been
thoroughly explored. It is obvious that the characteristics of the heat source chosen
for NG pre-heating affect the efficiency of the recovery process, and that the above
mentioned thermal integrations enhance its performance. In the same time, it is
definitely more complicated to assess in a quantitative way how the hybrid
conversion process and the energy recovery are influenced by the several
thermodynamic parameters involved, starting with the features of the pre-heating

energy source.
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Kostowski addressed in some papers the definition of figures of merit in order to
assess the efficiency of the recovery systems and to compare the performance of
alternative configurations. In [1] energy and exergy analysis of the expansion plant
was developed and indicators have been proposed to evaluate the corresponding
CO; emissions. Several different performance indicators have been defined,
calculated and discussed in [2], where both energy and exergy efficiency
parameters were presented in order to compare different possible set-ups.
Performance Ratio, Incremental Performance Ratio and Local Differential
Efficiency refer to energy balances, while several formulations of exergy efficiency
ratio are based on the 2" Law of Thermodynamics. A comparative analysis of
electricity generation in PRSs based on thermo-ecological cost was proposed in [3],
aiming to a thermodynamic evaluation of energy resources management. The
assessment method considered both the interrelation of irreversibility for the
analyzed system and its influence related to the depletion of non-renewable

resources.

However, there is still a vagueness in the analysis of Waste Energy Recovery
(WER) in PRSs. On one hand, the WER efficacy is intimately related to system
design, NG flow rate, pressure drop, control technique and operating conditions,
and this dependence needs to be clearly assessed. On the other one, an operative
reference to conventional processes without energy recovery is necessary, aiming
to evaluate the benefit coming from the upgraded system. More precisely, for given
system configurations and operating conditions, proper Key Performance
Indicators (KPIs) are required to estimate, with an acceptable degree of confidence,
the effectiveness of the energy recovery process in terms of energy savings and

carbon emissions reduction.

Thus, in order to bridge that gap, in this paper, specific Key Performance Indicators
(KPIs) for the assessment of WER in PRSs are introduced and discussed. The

proposed KPIs aim to provide a quantitative comparison between the operational
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performance for WER process, with TE, and the one for conventional process,
where the NG expansion is achieved by means of standard throttling valves. Those
indicators can guide the operational management of the recovery system, since
real-time estimation is available, as well as its design phase. Differently from
previous research, the present paper deals with the dynamic behavior of the energy
recovery system, developed through a time domain analysis, so that the
performance is calculated and assessed in a dynamic scenario, taking into account
the effect on the system dynamics due thermal integration. Considering this
dynamic approach, preheating load prediction models are also presented, based on
system configurations and operating characteristics that are commonly used in
PRSs and considering different pressure drops. Finally, an application to a case
study is presented and the effectiveness of the prediction model is assessed by

means of numerical dynamic simulations.

3.2.1. KPlIs definition

The proposed KPIs are based on physical parameters that are usually known in the
pre-design phase, and are aimed at quantitatively evaluating the energy and
environmental benefits from energy recovery in PRSs. Moreover, definition of the
following KPIs is derived with the intention of making them easily applicable to
real systems. Hence, the strong point of such indicators resides in their fast and
reliable implementation for real-time performance monitoring. As shown in the
following, the KPIs can be adapted to different system configurations with slight
modifications. In particular, the proposed indicators take into account the
possibility of integrating PRSs with external thermal users, e.g. district heating
networks, and/or of employing cogeneration units. The possibilities and limitations
of extending the use of indicators to those system configurations where renewable

energy is integrated will also be discussed in this section.
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KPIs have been defined considering the case study reported in fig. 13. The layout
represents a typical PRS plant in which energy recovery is achieved through a TE,
functioning in parallel with Throttling Valves (TV). The pressure drop needed to
regulate the gas network can be produced by both devices, through the TE
recovering the energy or through the TV with a mere dissipation, depending on
flow rate conditions. This means that the TV only operates under extreme flow
conditions, i.e. it works when gas flow rates exceed the top or the bottom of the TE
operating range and then allows the flow to by-pass the TE. When the mass flow
rate is below the TE functioning range, the total NG flow passes through the TV.
When the mass flow rate is above the TE functioning range, only the exceeding
part by-passes the system through the TV. The TE is able, through a heat supply, to
convert part of the mechanical energy of the gas into electricity. The gas flow rate
preheating, addressed to avoid excessive reduction of gas temperature and
methane-hydrate formation, is done by boiler-feed water heat exchangers that, in
the present layout and in many real plants, also feed a heating network. Two heat
exchangers in parallel supply the gas flow rates passing through the TE or the TV.
Expansion through the TE requires more heat if compared to the throttling process,

but it is able to recover a noticeable quantity of energy. Besides, as above, Q.. and
Qprereating are quantities that can both differ or be the same, depending on the

operating conditions as explained above. This configuration has been assumed as a
reference, since it represents a standard layout and contains all the items that
characterise a PRS with energy recovery. It must be highlighted that the preheating
process can be alternatively supplied by other thermal energy sources (CHP, solar
heat, heat pumps, geothermal, etc.) without altering the validity of the illustrated

design and so of the proposed approach.

The recovery process described is simple, but it is not trivial to assess its

thermodynamic efficiency, or the actual overall energy saving and carbon

emissions reduction. This evaluation also impacts on the economic and financial
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budget, and in the end on the feasibility of any existing system upgrade or new
construction. KPIs have generally been built with the goal of evaluating the
benefits coming from energy recovery in PRS in comparison with a reference
condition represented by the pressure drop in a traditional PRS with TV. This
assumption implicitly considers the transformation of existing stations like the
major area of application of the proposed methodology. In KPI definition particular
attention has been paid to the use of waste heat recovery for natural gas pre-
heating, always on the basis of a leading trend in technology. The diverse
meaningful energy and environmental elements have then been considered and for
each one of them a specific performance indicator has been introduced, as reported
below.
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Figure 13. Case study, system overview.

3.2.2. Power-to heat ratio

With reference to figure 13 system configuration, it is possible to define the
instantaneous power/heat ratio (PQ) as:
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Prg 1)
PQ = preheating
tot

where

heati id
forte eating — (Qtot _ Q.tghn (2)

Pr is the TE power output and Q... represents the net heat flow rate produced by
the PRS thermal plant units. It is defined as:

Quot = ) (MuctyysnlHVn), ®
i

where mysyer, ., and 0y, are respectively the fuel mass flow rate and the thermal

efficiency of the i™ unit, and LHV represents the i-fuel lower heating value. At this
stage it is worth recalling that the PQ ratio, under certain operating conditions,
could be higher than the unit depending on the water preheating temperature set-
points and the actual boiler and TE efficiency. Generally speaking, the higher the
PQ ratio, the better.

3.2.3. Thermal integration

In case of integrated PRS [4], Q7 d represents the instantaneous heat demand
required by the thermal users, e.g. the District Heating Network (DHN), which is
defined as:

grid

th — mgridcp (Tin - Tout) (4)

where mg.iq, ¢y, Tin, Toue are respectively the mass flow rate of the energy vector
used to feed thermal users, its specific heat and inlet and outlet temperatures.
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Similarly, for a given time length, the average power/thermal power ratio PQ , is
formally defined as:

Prg ®)
t — to) preheating dt

tot

Instead, the instantaneous Effective Power/heat ratio (PQ.f) is defined as:

Prg (6)

PQess = Qe

where Q5 represents the TE preheating need.

For a given time length (t-tp), the average Effective power/heat ratio (meff ) is
formally defined as:
1 tPrg (7

PQesr = dt
Cery (t —to) Jy, Qre

3.2.4. Recovery ratio

The Recovery ratio (R) provides the information related to the status of the

recovery process of the PRS.

This is defined as:

Mrg (8)
Th’tOt

R =

Here, m;p and m;,; are the NG mass flow rates flowing through the TE and
through the entire station respectively. R indicates whether the station is recovering

energy or not. For instance, once the TE upper flow limit is passed, throttling
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valves will open, in support of the expansion process, reducing R to values below

the unit.

Similarly, for a given time length, the average Recovery ratio R, can be formally
defined as:
1 e (9)

R = ——dt
(t - to) to Myot

3.2.5. Waste energy recovery

Finally, it is possible to define the instantaneous Waste Energy Recovery index

(WER), which is fundamental to assessing system performance. It is defined as:

WER = (Erel - EWER) (10)

Erel

where E,.; represents the energy that would be required to expand the same
amount of natural gas by means of a 100% Joule-Thomson-based process and to
produce the same TE power output by means of centralised production, while Ey g

is the energy required for the real process, where energy recovery occurs.

E,; is defined as:

preheating grid 11
_ Qrel th PTE ( )
Erel - - + =
Nth Nth Nel_grid
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where n,;, represents the thermal efficiency of the plant thermal supply system,

flel_gria the average national electricity production efficiency [5] and:

Qferleheating — Z(mfuelrelLHV)i
L. (12

is the primary energy consumption related to fuel combustion.
Instead, Eyy R is defined as:

grid (13)

Ewgr = Z(meElWERLHV)i - ﬁ
n t

L

where (mfuelWERLHV)i is the thermal power of the i unit.

The QFT¢"¢ ™3 represents the relative thermal power that would be required if the

rel

total NG flow was expanded through a conventional PRS (no TE implemented) for

the same boundary conditions. It is important to point out that, for a given NG flow

rate, Qpreheatlng

el depends on the characteristics and operating conditions of the

system considered, e.g. ambient temperature or process water temperature set

points and type of system layout and control. This issue will be examined in more

preheating will be introduced.

depth in the following and a method to evaluate the Q

Lastly, for a given time length (t-tp), the average WER can be formally defined as:

5TD ‘ (Erel - EWER) 1 (14)
WER = (j; —Erez dt> X =t

0

3.2.6. Carbon emissions reduction
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Analogously for WER, it is possible to define the Carbon Emission Recovery index
(CER) as:

CER = (M) (15)
€rel
where:
preheating
_ P (16)
tr = D (80t rathV)], = 5 (E—— )y (1)
- Ntn Nei_grid
ghﬂ'd @an
cwss = . [6Cgus want V)], — 5 22— )
- t
l

where 6 and y are the emission factors associated with the PRS thermal plant and

national grid respectively.

Similarly, the average Carbon Emission Recovery index can be formally defined

as:

CER = Utwdtl % 1 (18)
to €rel (t - tO)

Finally, due their definitions, CER and WER indexes could be considered
equivalent with an acceptable degree of confidence if, as a first approximation, the

emission factors 6 and y are considered constant.

3.2.7. Handling 100 % solar-based or waste energy preheating

56




Since the only real energy contribution to the recovery system is due to gas
preheating, it is interesting to consider a free thermal energy input, so that an active
energy supply is no longer required. Therefore, it is important to point out that, for
those cases where the required heat is fully provided by means of solar collectors or
waste energy sources, the WER index defined in equation 10 diverges since no fuel

consumption would be involved. In such scenarios, WER and WER are defined as:

WER = <PTE/ﬁel_€rid _PTE> (19)
PTE/nel_grid
P P 1 20
WER (j f( TE/nel_grld TE) dt) x ( )
to PTE/nel_grld (t - to)

Also, CER and CER indexes can be substituted by instantaneous Avoided Emission
(AE) index as:

AE = —y (PTE/ﬁel_grid) (21)

and by the average Avoided Emission index (AE), formally defined as:

AE = f(PTE/nel_grld) dt
to)

(22)

3.2.8. Preheating prediction
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preheating

As mentioned above, the term Q..

represents the theoretical preheating
needed for expansion in a TV, to be compared with the actual preheating for TE
pressure drop, for assigned and common boundary conditions. This quantity not
only depends on NG begin/end thermodynamic states, but is influenced by
operating and external conditions. Ashouri et al. [6], for their case study,
demonstrated that 43% energy savings can be achieved by maintaining the

minimum process water temperature with appropriate system control, thereby

preheating values as a function of the actual

highlighting the wide variations in Q
plant operating conditions. Thus, the preheating thermal energy, for an assigned
NG mass flow, can change from station to station, depending on the above-
mentioned items. For this purpose, numerical simulations are helpful tools to assess
the heat needs for given PRS and operating conditions, which are needed to

evaluate the WER indicator.

preheating
rel

In order to enable the online estimation of Q for real plant operations, a
semi-empirical correlation has been developed based on numerical simulations
performed for the reference system and several different conditions inspired by real
data. Modelling was implemented through Honeywell’s UniSim® Design Suite
software. Dissipative expansion was simulated considering expansion ratios equal
to 4.8, 6, 7.5 and 15, as these values proved to be the most common after the data
analysis described below. A simple control logic based on supply water
temperature tracking was assumed while, for simplicity, heat losses to the ambient
were neglected. Numerical and real data observations showed that the preheating

demand can be approximated as a logarithmic function of the NG flow.

The preheating prediction correlation that best suits the trend is represented by

equation 23:

Qferleheating = alog(ee)” (23)
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where coefficients a and b are reported in Table 1 for diverse expansion ratios.
Coefficients were defined for NG mass flow rate ranging from 5000 to 30000 kg/h,
which is a typical range for PRSs located in urban areas. The model proposed in
equation 23 was chosen based on real data records to be further extrapolated for
different operating pressure drops based on numerical simulation conducted with
UniSim® Design Suite software. At this stage, it is worth recalling that, equation
23 was selected due to its application simplicity in plant real operations. However,
other different forecasting approaches could lead to more accurate results. Indeed,
neural-network-based approaches might be suitable for this purpose due the large
amount of data available that are required for the net training [7].

Data used in calculations refer to the Italian case. Nevertheless, because of the
strong standardisation in the gas sector, these assume a general meaning, at least
extended to the continent [8]. In Italy, the overall pipeline length is about 34628
km [9]. SNAM company, covering 93% of NG transportation grid, counted 8962
redelivery points in 2015 [10]. Each type of redelivery point is characterised by
pressure, minimum contractual pressure, NG available, booked and maximum mass
flow rate. Not all redelivery points are suitable for WER since, for very small
expansion flow rates, TE technologies are not appropriate for NG pressure
reduction. In figures 14a-d a general characterisation of the redelivery points is
presented for different types of users and for Italian geographical areas
respectively, North West (NW), North East (NE), South East (SE), South West
(SW) and Deep South. Input regarding the pressure gap available for energy
recovery and the expansion ratio was obtained from the reported data, and then

used in the numerical model for the purpose of achieving an accurate predictive

preheating
rel '

correlation for Q
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preheating

Table 2. Q.. prediction model.
Expansion | Inlet Max set a b
ratio (B) pressure | point

(bars) (°C)
4.8 24 75-89 0.04078 | 3.489
6 60 55-95 0.02395 | 3.912
7.5 65 55-95 0.08205 | 3.415
15 65 55-95 0.000625 | 5.526
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3.2.9. KPIs application

The purpose of using KPIs is to support the selection of the most convenient set-
up and, after that, of the most convenient operation for the PRSs. For this reason, a
set of several dynamic simulations of real PRSs was accomplished to calculate the
energy recovery and the related performance, in order to evaluate the KPIs’
capability of representing actual savings as well as the distinct and particular

features of each proposed KPI.

Dynamic modelling has allowed prediction of time histories for the various
system parameters, with different boundary conditions and operating procedures.
Finally, energy quantities needed to evaluate KPIs have been calculated, thereby

assessing their effectiveness and accuracy.

At first, the most common system configuration was considered as a reference,
with the purpose of assessing the most conventional plant configuration. More
precisely, with reference to the lay-out in figure 13, the thermal energy is provided
by means of two conventional gas-fired boilers, which produce the hot water
necessary to accomplish the NG preheating process. Here, the NG is preheated by
process water, the temperature of which ranges from 55°C to 90°C, in a shell and
tube heat exchanger with heat transfer coefficient (UA) of about 1.94 kW/K.
Upstream of the TE, there is a flow control valve that enables NG mass flow

regulation.

In order to test the accuracy of the prediction models, which are essential to
enable online estimation of the indexes, a comparison was made between two
different numerical simulations. The two system configurations (the one with TE
and the one with TVs only) were implemented in UniSim® Design Suite software.
In the first plant, the entire NG mass flow rate flows through the TV while, in the
other, the mass flow rate is split into the TE and the TV. To make analysis of the
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results easier, the simulation of the two PRSs was conducted in parallel, to be sure
that the same operating conditions were shared. The thermal production was
controlled by means of a simple proportional controller the proportional gain (p) of
which was set equal to 5 kW and its process variable was the boiler outlet water
temperature. The set points were established to maintain the minimum admissible
NG temperature at the TE outlet. Figures 15a and b, represent the boiler and TE
characteristics respectively. The KPIs were assessed for NG mass flow rates
ranging from 5000 kg/h to 30000 kg/h. These values are typical for PRS [10].

a 1 b [oo 1000
Niso 80 /; L
N 0,5 %) 70 — ~ 500
60 |——
0 50 0
0 500 1000 0 10000 20000
Thermal power output (kW) NG mass flow (kg/h)
niso power

Figure 15. System characteristics: (a) Boiler’s thermal efficiency; (b) turbo
expander efficiency

It is worth recalling that the effect of heat losses along the pipelines are not
explicitly taken into account in calculation of the performances and of the KPlIs.
More precisely, the thermal losses, which depend both on the system characteristics
and on climatic conditions, could have a slightly lower impact on conventional
PRS since the temperature set point, for this kind of plant configuration, can be set
to lower values, with respect to the PRS with TE implemented (e.g. 55°C versus
85°C), and this would result in lowering the thermal losses of conventional plant, if
the system is wisely managed. The effect of neglecting thermal losses from
connection piping could generate a minor mismatch between the actual
performances of the plants and those calculated, since these account for a small

percentage of main heat flow rates. Indeed, the heat losses through piping shell
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could account for a not trivial amount of energy. Nevertheless, the precise
calculation of these heat losses has not been included in this study for the following

reasons.

Heat losses strongly depend on the real insulation of plant, besides the combined
effect of the external temperature and of feed water temperature, on heat losses
which could be up to 40% of a small percentage of the gross heat flow rates and,

thus, these do not definitely shift the global results.

3.2.10. Discussion and conclusions

This section describes the outcome that can be obtained by using the proposed
KPIs, with specific focus on WER and CER, to exemplify to what extent the
performance indicators are useful for assessing the energy recovery from PRSs as
well as the environmental benefits. Finally, preheating model accuracy and

limitations are analysed together with the possible thermal grid integration.

KPI assessment

The WER index was calculated by means of numerical dynamic simulations for
0.43 and 0.37 electric grid efficiency and for different expansion ratios
(WER_0.43_4.8-15) and (WER_0.37_4.8-15) respectively. The same indexes were
lastly estimated by using the prediction models (WER_0.43 4.8-15 estimated) and
(WER_0.37_4.8-15_estimated).

From figures 17a-d, when the system is working at nominal conditions, the WER
could achieve a maximum value of about 69.03 % by considering the national
electric efficiency at 43%. WER values range from 45% to 69% depending on
system operating conditions and characteristics. NG flow rate influences WER and
R values as well, but the trend changes depending on 3, showing the crucial role

played by the flow conditions in determining the effects of recovery process.
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Obviously, the national electric power system characteristics influence the WER
and CER indexes. More precisely, the higher the conversion factor the lower the
WER. Eventually, the same considerations are true for the CER index due to its

definition.

The R drop does not influence the WER index at all. However, by considering
B=4.8 with a single stage expansion process (figure 17a), it seems that as the R
value drops, the WER is slightly dragged down. This should not be misunderstood
since the WER drop is entirely linked to the system efficiency curves. Figure 18
instead, shows a comparison between the CER and WER indexes for a p=4.8. Here,
CER and WER index have the same trend actually due to their definition. The
curves show a trend with a peak value at 10000 kg/h or 15000 kg/h and a smooth
slope at higher values.

It is worth recalling that there might exist certain operating conditions where the
WER and CER indexes become very low or close to negative values. This might be
quite frequent in those systems where transients at low NG flow rates i.e. low

system efficiency, are not properly handled with an appropriate automatic control.
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Figure 16. Waste Energy Recovery (WER) index assessment. (a) p=4.8, single
stage (b) B=6, double stage (c) p=7.5, double stage (d) =15, double stage.
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Figure 17. CER and WER index comparison for 3=4.8.

Prediction model accuracy and limitations

The percentage relative difference and the absolute error [11] were evaluated
comparing the results of the prediction model with the ones obtained by means of
the detailed dynamic simulation, made with UniSim®. Figure 19a shows the
percentage relative difference of the models, while figure 19b reports the absolute

error.

The results shown in figures 18a-b point out that the model has good reliability,
particularly at the higher NG flow values. Indeed, a maximum over estimation of
about 15% is observed in figure 18a for low NG flow rates. Similarly, the absolute
error is less than 1 for all mass flow rates, except for 5000 kg/h (Fig. 18b).
However, the accuracy is generally satisfactory even for that functioning condition.
Both graphs in figures 18a-b suggest a certain sensitivity to the  values, but the
effect changes its direction according to the flow rate range. In the end, the model
uncertainty is definitely acceptable for the present purpose, which is to test the

efficacy of the proposed KPIs.

Some limitations might be found in utilisation of such prediction models. Since

these were defined based on specific operating conditions, the percentage error

68




might become not negligible for NG inlet pressure transients or set point variations.
Normally, such variations influence the system performance modestly, resulting in
slight variations of the percentage error of such prediction models. This implies
variation of the accuracy of WER and CER indexes. However, for an inlet pressure

variation of about + 5%, the effect on such indexes could be considered negligible.

Finally, for colder climate zones, the effect of heat losses should be considered in
definition of the heat prediction models in order to avoid not negligible
overestimation of the WER and CER indexes. On this basis, it is possible to

preheating

conclude that the prediction models shown in table 2, used to estimate Q_, :

seem to be quite accurate.
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Figure 18. Prediction model accuracy: (a) percentage relative difference; (b)

absolute error.

Effect of thermal grid integration

Recently, the possibility of integrating PRSs with external thermal users e.g.
district heating networks, was presented [12]. PRS thermal integration represents
an opportunity to achieve higher primary energy conversion efficiencies if
appropriate system control is used [4]. In this section, the effect of the integration
on the WER index is quantitatively assessed. By thermal integration, the author
refers to the plant connection to any thermal user such as a district heating network.
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In this case, the thermal energy required by the network would be supplied by the
boilers of the PRS. For this purpose, the two system configurations were
implemented in UniSim® Design Suite and a simulation was conducted for
different external heat loads (QJ* ) at different NG flow rates. The results are
reported in figures 19a - 19e in comparision with the case where the thermal user
(district heating) requires no heat ('No demand’). Here, it is possible to appreciate
how the WER index varies based on the system operational status when thermal
integration is enabled. To be more precise, by considering a 5000 kg/h NG flow,
the WER index relative to the case with thermal integration is higher by about
10.14%, 11.4% and 8.72% at 100, 300 and 500 kW respectively. Instead, at 700
and 900 kW this difference becomes negative (-10.02% and -12.76% respectively).
This effect is strongly linked to the characteristic curves of efficiency of the
thermal efficiency of the production units (figure 4) and, in particular, it is mainly
due to their non-linearity. The performance of the system greatly depends on the
control system of the gas preheat temperature and on its ability to control the
valves and the TE gas outlet temperature. In particular, this is influenced by the
size and the thermal inertia of the hydraulic circuits, and by the characteristics of

the heat exchangers.

In some conditions, especially at lower flow rates, the effectiveness of the control
system decreases considerably, and this results in efficiency reductions in the entire
system. This phenomenon is more relevant at the lowest flow rates and during
transients, especially in rapid ones: these effects can also be seen looking at the
results of the simulation model, which often fail to converge in such cases. For this
reason, an analysis of the results in these situations will be the subject of a

forthcoming in-depth analysis.

Finally, figure 20 shows the WER difference for different heat loads and NG flow

rates. Referring to figure 20, both negative and positive values would suggest the
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possibility of optimising the system control achieving higher WER index during

system operation. This might involve the use of thermal storage and appropriate

optimisation algorithms. When the mass flow rate increases, errors tend to reduce,

always maintaining a set of positive and negative values of AWER.
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Figure 20. WER difference assessment.
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Key performance indicators to guide sustainable energy actions

Sustainable energy planning often suffers from a lack of prioritisation criteria, able
to guide energy policy towards optimised or, at least, effective choices. Objective
indicators are needed in order to select the best practices and maximise the impact
of economical investments. In this framework, the proposed KPIs can play a role
for initiatives aimed at energy saving in NG grids. In fact, the indicators permit
assessment of the actual benefits coming from a certain action and comparison of
different options, to select the best. Policymakers must be aware of the damage that
improvised decisions or wrong presumption-based ones make in sustainable energy

planning, with a huge waste of resources and credibility.

Currently, the incentives for energy recovery from the NG transportation and
distribution grid have not yet been properly designed to account for novel and
unconventional technologies [4]. Normally, from the CELSIUS project experience
emerged that the energy produced by the TE is remunerated based on readapted
incentive mechanisms e.g. in some cases, for those PRS equipped with solar
thermal panels, incentives of photovoltaic are adapted to remunerate the electricity
produced by the TE. Instead, the energy recovered by the TE should be
incentivised with a proper methodology based on objective indicators, such as
those introduced in this paper. The use of such performance indicators can play a
fundamental role in the incentive mechanism decision process, for policy makers.
In fact, the proposed KPIs allow you to understand the real efficiency of the
recovery process and to facilitate energy incentive design and distribution.

In this study, key performance indicators for integrated natural gas pressure
reduction stations with energy recovery have been proposed. In spite of their
simplicity, or specifically for this reason, they can drive sustainable energy

initiatives at both public and industrial level. In particular, the research conducted
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can be important for the natural gas industry, in which energy can be recovered

instead of wasted by throttling valves.

The KPIs introduced cover the different aspects of energy recovery in PRS. The
Waste Energy Recovery (WER) index is fundamental to assess the efficiency of the
recovery process. Other indicators such as the Recovery ratio (R) and the Carbon
Emission Recovery index (CER) provide information related to the status of the
recovery process and to carbon emission reduction, respectively. KPI values have
been calculated for a reference configuration and confirm the possibility of
achieving an effective energy recovery from the natural gas transportation grid. In
general, the proposed KPIs permit avoidance of non-performing interventions and
allow you to see the potential of the design and operation optimisation. Moreover,
they are able to quantify the potential to minimise the environmental impact of gas

networks through pressure drop capitalisation.

Furthermore, the effect of the integration of pressure regulation stations with
external thermal grids has been assessed. By using the KPIs, it was possible to
quantify the potential benefits that can be achieved from this integration. More
precisely, the WER index can be potentially improved by providing heat to the
thermal grid, especially at low natural gas flow rate. Indeed, this would let the
system work at its nominal conditions, with higher efficiency, thereby enabling the
possibility of achieving effective energy recovery from the natural gas grid as well

as what would otherwise be lost.

Finally, the test cases which have been analysed in this paper show that the
proposed KPIs represent a fundamental supporting tool to conduct efficient system
operations and avoid risky energy and economic mismatches. The simplicity and
the strength of the performance indicators make their implementation and
interpretation easy for system operators. Besides, they can easily be implemented

in management software for real time control, thereby improving system operation.
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As a general conclusion, it is possible to state that these KPIs may be fundamental
to properly designing fair incentive mechanisms for policy makers and/or energy

performance contracting.

Looking at future developments, the use of KPIs for turbo-expanders in NG PRSs
can play a large role in the development of integrated smart grids, facilitating the
diffusion of sustainable distributed generation. However, some issues still deserve
to be investigated. The unclearness linked to the energy remuneration policies for
the different possible system configurations, for instance solar based stations, needs
to be properly addressed to encourage the use of this technology. The impact of the
high investment cost on the financial sustainability is to be better analysed.
Moreover, a proper assessment of global and local energy recovery potential is still
missing, and should be undertaken possibly through an international coordinated
cooperation involving NG transportation and distribution companies, research
organisations and policy makers. For all these issues the availability of accurate

and reliable KPIs is a necessary condition.

NOMENCLATURE

AE Instantaneous avoided carbon emissions (kg/h)

AE Average avoided carbon emissions (kg)

CER Instantaneous carbon emission recovery (%)

CER Average carbon emission recovery (%)

Cp Thermal grid energy vector's heat specific value (kJ/kgK)
Eyel Recovery process power production (kW)

€rel Relative process carbon emission (kW)

Ewer Recovery process power production (kW)
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eWER Recovery process carbon emissions (kg/h)

Meyer,zr  FUEl Mass flow for recovery process (kg/s)

Myria Thermal grid water energy vector flow rate (kg/s)
Mrg Turbo expander natural gas flow rate (kg/s)

Mot Total natural gas flow rate (kg/s)

Prg Turbo expander power output (KW)

PQ Power/heat ratio

PQ Average power/heat ratio

PQgs Effective power/ heat ratio

PQ.ss Average effective power/heat ratio

Qrg Instantaneous turbo expander preheating load (kW)
QFIe"et Y Instantaneous relative preheating load (KW)
grid Instantaneous thermal grid heat load (kW)

preheating nstantaneous total preheating need (kW)
Qtor Instantaneous heat load (kW)
R Recovery factor
R Average recovery factor
to Time lower bound (s)
t Time upper bound (s)
Tin Thermal grid inlet temperature (K)
Tout Thermal grid outlet temperature (K)

WER Waste Energy Recovery index (%)
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Abbreviations
CHP Combined Heat and Power

DHN District Heating Network

LHV Lower Heating Value

NG Natural Gas

PRS Pressure Reduction Station
RES Renewable Energy Sources
TE Turbo Expander

TV Throttling Valve

Greek letters

B Expansion ratio
Y National electric grid emission factor (kgco/kWh)
d Thermal unit carbon emission factor (kgco2/kWh)

Mleigria  National electricity production efficiency

Men Thermal unit, average thermal efficiency
Nen Thermal unit, thermal efficiency
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3.3. Optimal design approach

The optimal design issue of the PRSs was investigated by Sanaye and Nasab in
[1], who proposed a relatively fast method to select the size and number of
components for PRSs using an objective function defined as the sum of the
income and expenses. Subsequently, the optimum values of nine decision
variables were obtained by maximizing the objective function using the genetic
algorithm optimization technique. This hybrid semi-empirical procedure
permits efficiently calculating the optimal configuration for a wide range of
operating parameters. However, the variability of the WER potential, which is
dependent on the NG flow patterns for a given TE, was not considered in this
study.

In general, the abovementioned studies show that different techniques can be
adopted to optimize the design of systems for energy recovery from PRSs,
although, the current methods for system synthesis problems, clearly described

by Frangopolus et al. in [2], do not appear to be completely adequate for PRS
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retrofitting because of their complexity or inaccuracy. Therefore, this part of
the research introduces the structured retrofitting approach (SRA) that intends
to guide system designers and engineers during the entire PRS retrofitting
process for energy recovery. While the traditional approach oscillates between
heuristic methods and numerical analyses that, with difficulty, lead to a
practical project assessment, the new proposed method allows quick and
accurate determination of the optimal plant size.

The proposed SRA envisions a model for component dimensioning, which
includes novel key aspects that emerge during the PRS retrofitting, such as the
variability of the energy recovery potential and the system thermal integration.
For this purpose, a non-smooth constrained optimization problem based on the
minimization of the levelized cost of energy (LCOE) was developed. Finally,
the SRA promotes a series of post-retrofit activities to emphasize project

continuity and dissemination for practical knowledge capitalization.
3.3.1. Structured retrofitting approach
As shown in figure 21, different factors of different nature, should be taken into

consideration to achieve a successful retrofit project. for this reason, a structured

retrofitting approach becomes fundamental during the whole retrofitting process.
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Figure 21. Factors affecting the retrofit project.

Figure 22 illustrates the key steps of a general PRS structured retrofitting approach
(SRA). The overall procedure, based on a long-term approach, is divided into four
main temporal phases: pre-retrofit activities, preliminary and executive project
design, implementation and commissioning and post-retrofit activities. For each
phase, a given set of sequential tasks is defined, and the respective information,
tools and consideration needs are highlighted.

The proposed SRA has been designed to include long-term objectives and
collateral activities. In fact, it emphasizes dissemination activities for project
continuity and suggests considerations about the opportunity to involve research

institutes and universities, of which the purpose is to boost and
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strengthen different key actions of the process, including dissemination, numerical
model setup and validation, operational control model design and tests, forecasting,
data analytics, performance assessment, analysis via numerical dynamic
simulations, etc. These activities are fundamental for replicability and reference
dataset definitions for similar future project implementations.

The main task of the pre-retrofit activities consists of local data acquisition. Here,
it is necessary to collect different types of specific information related to the PRS
and its surrounding conditions: past NG annual flow rates, internal and external
thermal and electrical loads, analysis of the potential integration opportunities with

neighbouring processes, etc.

Furthermore, the preliminary and executive project design phase is schematized as
a sub-iterative process where the first task consists of identifying a set of potential
system configurations. Uncertainty factors (technology supplier long-term
reliability, time to delivery, installation and time-to-commissioning) are
fundamental to be considered at this stage since they might cause the PRS project
to not completely succeed within the planned time schedules. Moreover,
considering the magnitude of a single PRS retrofit, the lower contractual strength
with respect to technology providers and industries, if compared to larger projects,
could emphasize the negative effects of those uncertainty factors.

Once the configuration set has been identified, the second step of the process
involves the optimal component design. Here, the component dimensioning will be
based on the information acquired during the preliminary phase. For this purpose,
an optimal design approach will be presented in the following section.
Furthermore, once the optimal component size has been defined, it is possible to
start the executive PRS project. At this stage, the numerical dynamic simulation
represents a powerful tool to understand the system behaviours of Hazardous and
Operability (HAZOP) and "What if" analysis, energy performance assessment and

transient analysis.
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An optimal economic design must guarantee that a cost-effective configuration has
been achieved. However, an economic analysis and risk assessment are still
necessary to properly evaluate component implementation schedules, control
strategies and operational planning and, eventually, energy performance
contracting, target definition and baseline assessment. As is commonly known,
many tools are available for this purpose: levelized cost of energy (LCOE), net
present value (NPV), internal rate of return (IRR), profitability index (PI),
discounted payback period (DPBP), lifecycle assessment (LCA), etc.

Furthermore, during the implementation and commissioning phase, the custom
optimal control strategy definition is fundamental to ensure energy savings and
carbon emission minimization. At this stage, it is important to highlight that the
optimal system design and the optimal control strategy should not be considered as
two different and unconnected issues. In fact, the identified optimal design
conditions, i.e., the average energy production required to guarantee the validity of
the optimal design conditions, must be taken into consideration during the optimal
control strategy definition. This is fundamental to keep the optimal design points
valid during the system lifecycle. In contrast, the design conditions identified
during the preliminary and executive project design phase can no longer be
considered optimal in the further phases. In this study, this problem is addressed by
defining the OEP index.

During the commissioning phase, the system performance data will be acquired,
stored and further disseminated. These data are important to proceed with a parallel
numerical model validation. Numerical model validation is a fundamental step to
be properly achieved to proceed with system performance forecasting. This task is
important to consolidate the system operation strategies of optimal control
adjustments, operation and maintenance schedule settings, etc.

After these activities are completed and the implementation and commissioning

phase ends, the post-retrofit activities must be conducted. For this purpose, the key
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task consists of measurement and verification activities (M&V). Finally, once the
process has been completed, the retrofit report should be prepared and frequently
updated.
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3.3.2. Optimal design model

The design optimization during the preliminary and executive project design is an
essential piece of the SRA and a key element in the proposed methodology, and a
relevant part of the SRA success depends on this aspect. For this reason, a novel
mathematical model has been developed, which is based on the minimization of the

levelized cost of energy (LCOE) defined by Equation 1:

th+Mt+ﬁ)
t=1

1)
LcoE = &+
2E
t=1
@+r)
where |,, M, and F, are, respectively, the investment expenditure, maintenance

and operation costs, and fuel expenditure in the year t. Then, r and n are,
respectively, the discount rate and the expected lifetime of the components or

systems, and E, is the energy generated by the system.

Distinct from Sanaye and Nasab [1], this original model was designed by
considering the variability of the WER potential, which mainly depends on the NG
flow pattern and the size of the selected TE. For this purpose, the model was
structured as a non-smooth constrained optimization problem. Moreover, the
optimization model was designed considering the system thermal integration
opportunities with the neighbouring users as well. As is known [3], this is a key
aspect for strategic PRS retrofitting and for efficient energy exploitation in urban
districts. Finally, the model is also easily scalable for system configurations where
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two TEs are normally implemented in a series due to a higher expansion ratio or for

water-process temperature reduction.

The proposed optimization approach is given in the system configuration shown in
figure 23. This layout represents a reference configuration for energy recovery
from natural gas PRSs. The chosen system configuration involves two gas fired
boilers, a gas fired CHP unit and a single TE with its heat exchanger, working in
parallel with the throttling valves, which operate at very low or high mass flow
rates to manage the turbine functioning range. The thermal plant is also connected
to a group of buildings through a district heating network, which is supplied by the
CHP and boilers.

These boilers have an integrative function for peak heat loads and perform a
supplementary function during CHP downtime. Though the model is applied to this
reference layout, which has a standard energy recovery from the PRSs, it can be
extended to diverse configurations. Likewise, the results obtained from the
proposed optimization method have a general validity and are suitable for wide

generalization.

The design approach is based on a few main global constraints, depending on the

system considered. The first constraint is related to the amount of total recoverable

energy E°%v**" from the turbo expander for a time length t. Generally, the total

total
amount of recoverable energy for a certain PRS and TE is strictly dependent on the
NG flow rates, pressure drop, temperature conditions, system configuration, and
the type of system control. Another four constraints refer to maximum size,
redundancy condition, overall thermal energy balance and TE synchrony (for TES
in series). From the results of the design optimization process, the optimal sizes of

the nominal components and the respective average optimal energy production
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(OEP) will be known for a given time length t and for each component considered.
In a future stage, once the system process and instrumentation diagram (P&ID) has
been defined, the OEP conditions should be considered to properly address the
system control optimization problem, as previously mentioned. In the following
section, the optimization problem will be formulated with reference to the system
configuration shown in figure 23. However, it can be extended and adapted to
different configurations with minor modifications. As shown in figure 23, the
redundancy condition is generally satisfied by two boilers that work in conjunction
with an internal combustion cogeneration unit. These three components will satisfy
internal (pre-heating process) and external (DHN) needs. One single TE is
considered in the reference optimization problem.
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Recirculating pump

\J Cogeneration }

unit Local
Flow control ( grid
valve

o

NG s o)

24 bar

V-1 I
E-3 Y
T, = BN ey ~ kil

Let down

E-6 VW_S sub-stations City users
E-7 V-4
Medium Throttling valve
Hiah NG grid Thermalgria  Medium voltage pressure NG TE preslslure pressure
igh pressure NG gri o ari : controller
ele_ctrﬁgrg grid o .OMHOTE controller

Figure 23. Reference system configuration.
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3.3.3. Problem statement

The problem objective function is expressed as:

min{LCOE} )

subjected to the following constraints.
Heat balance for equipment sizing

The heat balance for the equipment sizing is defined as:

MAX .h._ MAX
le + sz + Qchp - éPTE = Qext_user + Qvglve_ (3)

where Q,,, Q,, and Q,,, are, respectively, the nominal sizes of the two boilers and

the CHP, and R represents the turbo expander nominal electric power. For

simplicity, the heat power ratio S is considered constant for this model. Normally,
the heat power ratio varies between 0.95 and 1.1 depending on the operating
conditions and the system characteristics [4]. The heat power ratio is defined as:

g _ (qggeheating) 1
Pref EgeNaitNinverter (4)

TE

where &0, M. and 77,..r are, respectively, the effectiveness of the heat

exchanger linked to the TE, the effectiveness of its generator and the DC/AC
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preheating

inverter efficiency. The 0y , instead, is the TE preheating need at the

reference nominal power PR . This ratio, as a first approximation, will be

considered as constant for this model.

The terms Qe’\ftA_xuser and Q2/-M* in Equation 3 represent the maximum expected

valve
external thermal load (DHN or other integrated process) and the maximum
throttling-valve-preheating needs. The over dimensioning by considering these
values as constant before and after the TE implementation will further ensure safe
system operations for the case scenarios in which the system has to work under

certain extreme operating conditions of NG flow peaks or temporary TE faults.
Redundancy

Heat production must always be ensured in case of component faults. Otherwise,
methane hydrates will suddenly occur. Thus, the redundancy condition is defined

as:

le - sz =0 (5)

Overall thermal energy balance

The thermal energy balance is defined as:

thbfllll +Qp; hblell +Qunp hcfh:{ — &P hTfE'I' ~Qu =Ejer (6)

MAX
Euser

where represents the average daily maximum thermal energy required by

external users, and Q,, represents the average throttling-valve-preheating need

viv

expected after the retrofit. For this reason, it will depend on the type and size of the
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implemented TE, which is a variable of the optimization problem, for instance,

considering the Honeywell TE models [5] and given the PRS conditions:

550 < Py <450 = Q,, =Qy4
450 < PTE <160 = Qvlv = Qvlv,b
PTE <160 = Qvlv = Qvlv,c

Therefore, Q,,., Qu, and Q,, . are the values of throttling-valve-preheating

needs for different TE sizes and the given PRS. The terms h", h\", hCL'r',' and

! respectively, represent the average optimal number of operating hours per

day at full load for boilers 1 and 2, CHP and TE. For a given time length, the
product between the optimal nominal sizes, the respective optimal average number
of operating hours per day and the number of expected operating days will result in
the OEP.

Natural gas balance

The overall recoverable energy balance is defined as:

f.l. recoverable
nl:>TE hTE < Ntot (8)

where n is the number of days per year that the TE is expected to work considering

system stops for maintenance, and N2 represents the amount of average

tot

energy that might be recovered within the n days of work considered. The Q

viv
cannot be considered as a continuous function. The N/<®'**** js strictly related to

the NG flow and varies with the TE size, since each TE has different technical

constraints upon the admissible peak NG volume flow. Then:
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550 < P <450 = NJove** = N

tot a
450 < P <160 = N2@veraPle — N
PTE <160 > Nt[icoverable _ NC

where N_, N, and N_ are the quantities of the average recoverable energy for

different TEs under certain PRS conditions and time lengths.
TE synchrony

In the case of a low-temperature system configuration where a double-stage
expansion process is used, the power and operation synchrony constraints between

the TEs must be added to the mathematical problem formulation, such as:

hre; —Pre; =0 )

(8)
Pre - Pre =0

where P,z and P are the nominal powers of the first- and second-stage expansion

turbines in the low-temperature configuration, respectively.
3.3.4. Model limitations and enhancements

Some minor limitations must be underlined for the proposed approach. The

abovementioned OEP does not consider the effect of efficiency at partial loads for

93




each component. For this purpose, the efficiency must be considered as a reference
value to properly address the system optimal control. Finally, the application of this

model might be time consuming for non-expert users since it requires a preliminary

effort to assess the N,, N, and N, values, as well as the Q,, ., Q,,, and Q,, -

This requires long-term estimation, which is necessary to properly identify what

the future NG flow rates are for the considered period of assessment [

3.3.5. Design optimization in brief

Energy recovery from a pressure reduction in natural gas networks was addressed
through a structured retrofitting approach aimed at optimal design. The scope of
this methodology is to drive the entire retrofitting process and enable project
success. The developed method was demonstrated to maximize energy savings and
reduce the complexity and calculation time [6]. The architecture of the proposed
method is quite different from the current design techniques that are either heuristic
or computationally demanding. The novel formulation of a non-smooth constrained
optimization problem based on the LCOE minimization allows managing variable
boundary conditions. Moreover, the innovative technological impact of the SRA
method enables the exploitation of situations for which the current design does not

allow and for which only an optimized size can recover waste energy.

The proposed case study reported in [6], demonstrated that the SRA optimization
technique permits identifying the best system configuration in the PRS retrofit,
particularly with regard to the turbo expander model and heat supplier technology.
All the different issues of the integrated system design are addressed with the
optimization technique. The turbo expander design provides helpful
recommendations concerning the number and size of the machinery. Moreover, the

effect of varying the natural gas flow patterns on the optimal results can be
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evaluated to address the uncertainty. Optimization can be maintained along the
system life for variable operating conditions by proper system operation
management, which can be easily addressed using the OEP index.

Similar to previous studies, it has been confirmed that the combined heat and
power technologies are not suitable for all retrofitting scenarios. The actual benefits
are intimately linked to the natural gas flow in the station. If the flow is too low, the
implementation of the technology is not justifiable. Furthermore, the repercussions
of increasing fuel costs on the optimal results were evaluated. The results for the
case study proposed in which all thermal supply technologies (boilers and
cogeneration unit) were fed by natural gas showed that the eventual costly
operating scenarios are disconnected from the optimization problem in the sense
that no consequence on the diminishing component was observed. However, this
situation might be different for multi-fuel-based systems, and for those cases, the

optimization results might be different.

Finally, this study highlights that optimal retrofit interventions are challenging to
design due of their sensitivity to calculation scenarios and boundary conditions.
The lack of appropriate design tools leads to incomprehension and underestimation
of the actual benefits in terms of energy savings and carbon emission reductions of
PRS retrofitting, thus limiting the diffusion of this smart, energy-saving
technology. Instead, through an effective optimization tool such as the SRA, it is
possible to achieve the effective exploitation of the waste energy recovery potential

from natural gas transportation and distribution networks.

Nomenclature

E recoverable
total

E MAX
user

Total energy recoverable for the assessment period (kWh)

Maximum daily thermal energy required by external users (kWh)

Ft Fuel expenditure in the year t (euros)
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hbfl.l.
hbfz.l.
g
load (h)

hTf.I.
E
load (h)
It

Mt

N recoverable
tot

N

a

preheating
TE

Boiler 1, average optimal number of operating hours per day at full load (h)
Boiler 2, average optimal number of operating hours per day at full load (h)

Cogeneration unit, average optimal number of operating hours per day at full

Turbo expander, average optimal number of operating hours per day at full

Investment expenditure in the year t (euros)

Operation and maintenance in the year t (euros)

Effective amount of energy recovered (kWh)
Potential recoverable energy case a (kWh)
Potential recoverable energy case b (kWh)

Potential recoverable energy case ¢ (kWh)
Turbo expander nominal electric power (kWe)

Turbo expander reference nominal power (kWe)
First stage turbo expander nominal electric power, low temp. confi. (kWe)
Second stage turbo expander nominal electric power, low temp. confi. (kWe)

Turbo expander preheating need at the reference nominal power (kWe)

Q,; Gas fired boiler 1 nominal size (kW)

Qpz
Qnp
Quva
Quvp
Qune

Q p.h._MAX
valve

Qvlv

Gas fired boiler 2 nominal size (kW)
Cogeneration unit nominal thermal size (kW)
Throttling valve preheating energy case a (kWh)
Throttling valve preheating energy case b (kwh)
Throttling valve preheating energy case ¢ (kWh)

Maximum throttling valve preheating thermal need (kW)

Throttling valve preheating energy (kKWh)
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Q MAX
ext _user

r

Maximum external user thermal load (kW)

Interest rate (%)

Greek letters

EhE

¢
nalt

ninverter

Heat exchanger effectiveness

Heat power ratio
Alternator efficiency (%)

Inverter efficiency (%)

Abbreviations

CHP
COP
DHC
DHN
ESCo
RR
LCA
LCOEel
LCOEth
NG
NPV
OEP

Pl

RS
SRA
TE
WER

Combined heat and power
Coefficient of performance
District heating and cooling
District heating network
Energy service companies
Internal rate of return
Lifecycle assessment
Levelized cost of electricity, (euros/kWh)
Levelized cost of thermal energy (euros/kWh)
Natural gas
Net present value
Optimal energy production
Profitability index
Pressure regulation station
Structured retrofitting approach
Turbo expander

Waste energy recovery
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3.4. Water temperature reduction strategies

As reported in [1], the typical pressure ratio (B) value is almost 5 but, in some
cases, P ranges from 8 to 12, up to a maximum of 15. Some of these characteristic
operating ratios enable the possibility to split the expansion process in two stages,
and allow to lower the overall process temperature. In this way, due to the typical
pressure operating ranges and geographical positioning, energy recovery from
PRSs represents a key opportunity for eco-industrial parks development [2] and
low temperature thermal process integration e.g. industrial micro-grid networks [3]
and 4th generation district heating networks [4]. Moreover, the opportunity to
lower the water temperature of the process enables the possibility to employ a
wider range of heat production technologies, such as geothermal heat pumps or

thermal solar panels.
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In general, the integration with district heating networks or waste heat sources in
urban areas offers a noticeable opportunity of a coupled energy recovery.
Moreover, PRSs operating schedule is directly linked to the NG users’ demand,
which leads to a spontaneous load matching between supply and demand in
buildings heating thus making the integration among PRSs and district heating
networks even more favorable. This integration of NG network with urban thermal
grids, as well as the exploitation of a part of the large waste heat amount available
inside cities, is a smart opportunity to improve urban energy recovery and to

achieve a more effective energy use.

But this smart and novel technology for diffused energy saving requires a further
step in terms of system analysis and modelling, since the management of the low
temperature heat coming from DHN or WER needs the plant to be adapted and

controlled in a new way compared to the common integration with a CHP system.

In [5], the authors study the integration of PRSs with low temperature heat sources.
Energy performance of a typical low temperature PRS configuration was analyzed
though numerical dynamic simulations. Results have been compared to high
temperature ones and energy benefits for a typical winter day were estimated.
Further, system fault tolerance was evaluated and time-to-hydrates was assessed by
considering Motiee et al. [6], Mokhatab et al. [7] and Kidnay et al. [8] analytical

predictive formulations.

3.4.1. System configurations

At a first glance, energy recovery from gas expansion seems to involve positive
aspects only, and a large diffusion could be expected. Nevertheless, only few plants
are currently in operation. Enthusiasm for this technological solution often collides
with technical constrains and economic problems, mainly due to two different

needs: the risk of hydrates formation and the costs increase costs for the retrofit
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intervention. Therefore, this kind of energy recovery system becomes less
convenient not only from an energetic viewpoint, but even from operating and
economic ones. The opportunity to reuse waste energy or exploit existing heat
facilities can move the balance towards a more efficient utilization of the NG
pressure drop, fostering in this way the diffusion of the expansion technology. In
this sense, research on integrating low temperature heat sources in the PRSs energy
recovery systems represents a key issue, which deserves to be deepened and well

analyzed.

As known, one of the constraints that one must faces to design an energy recovery
system based on NG pressure drop is methane hydrates formation. Solidification of
methane hydrates occurs when water molecules form a cage-like structure around
smaller guest molecules (e.g. methane, ethane, propane, iso-butane, normal butane,
nitrogen, carbon dioxide, and hydrogen sulfide) [9]. Many studies have been
focused on methane hydrates formation in natural gas pipelines. Considering the
NG composition shown in table 3 and a pressure of about 5 bar, three different
mathematical correlations have been considered in order identify methane hydrates
formation temperature. More precisely, by considering Motiee et al. [6], Mokhatab
et al. [7] and Kidnay et al. [8] correlations, methane hydrates formation

respectively occurs at temperatures of about -4.47°C, -2.67°C and -2.23°C.

In general, this is a very challenging limit. Nevertheless, in urban areas or wherever
possible, when properly managed it does not reduce the possibility of integrating a
DHN or even an industrial waste energy source with the PRS to recover waste heat

(also at low temperature) in order to reach a higher level of efficiency.
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Table 3. NG composition at standard conditions.

Chemical weight composition
[%0]
Methane 92.347
Ethane 4.646
Carbon dioxide 0.568
Normal butane 0.133
Iso-butane 0.102
pentane 0.031
Iso-pentane 0.028
Helium 0.017
Propane 0.8
Nitrogen 1.319
Other hydrocarbons 0.009

Anyway, it must be noticed that integration between the TE, which generates
electricity from NG expansion, and the low temperature heater requires the
adaptation of the system configuration in order to optimize its functioning and,
ultimately, its control. For the purpose of analyzing the system behavior for
different operating conditions and to find an effective set-up, two different plant
configuration have been analyzed and compared. A traditional set-up was studied,
with a single TE like the one installed in the city of Genoa within the framework of
the EU project CELSIUS (Combined Efficient Large Scale Integrated Urban

Systems), hereafter called “GE1 demonstrator” (Fig. 24). Then a low temperature
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integrated system was modelled. At this stage, it is worth to recall that CELSIUS is
a project in the Smart Cities framework co-funded by European Union’s Seventh
Framework Programme for research, technological development and demonstration
(grant agreement Ne 314441). The GE1 demonstrator consists in a TE, capable of
delivering a nominal power of 550 kW,, whose design working flow rate is 22500
Sm®fh, a slightly lower value than the average hourly flow rate of the PRS. The TE
processes the NG from the national transport network, at a pressure of 24 barg,

reducing its pressure to 5 barg.

Figure 24, shows a picture of GE1 demonstrator, while figure 25a-b represents
a simplified schematization of high and low temperature PRS configurations.
Referring to the high temperature configuration, the WER is achieved by means of
a TE line. The NG is preheated with a process water temperature of about 85°C by
means of a shell and tubes heat exchanger (H). The thermal energy is provided by
means of two, standard, gas-fired boilers, which produce the hot water necessary to
accomplish the NG preheating process. Looking upstream the TE, there is a flow
control valve that enables NG mass flow regulation. A single phase Direct Current
generator (DC) converts the mechanical power into electricity, that is consequently
transformed in Alternate Current by means of an inverter (AC). The AC is cooled
by the cold NG, which comes from the TE. This arrangement has the double
benefit of cooling the AC and helping to prevent the formation of hydrates in the
NG stream. In the conventional expansion lines, each throttling valve (V1, V2 and
V3 in figure 25) is provided with a twin one called "monitor" whose scope is to
lock the line in case of downstream fault. Here, the preheating process is achieved
by means of shell and pipes heat exchangers as well (H1, H2 and H3). Referring to
the low temperature configuration, the process temperature is lower due the second
TE implemented in series. In this way, the total NG pressure drop is split into two
stages, so that the thermal preheating need at each expansion is lower. In this case,

as described for the high temperature configuration, the NG is used as a vector for
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AC unit cooling process. Referring to TEs sizes and geometry, for the case study

considered, the TEs are the same for both system configurations.

Figure 24. GE1 demonstrator.
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Figure 25. System configuration: a) High temperature; b) Low temperature.
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3.4.2. Numerical model setup

The two previously described configurations have been numerically modeled by
means of Honeywell UniSim Design Suite® software [10]. Figure 25 shows the
sketch of the High Temperature Configuration, on the left (a), and, on the right (b),
the novel Low Temperature Configuration, named respectively HTC and LTC. For
both cases, the NG inlet temperature and pressure were set at 15°C and 25 bar with
an expansion ratio of about 5 respectively which is, as mentioned in the previous
section, the most typical operating condition for NG distribution for PRS located in
urban areas. Heat losses of pipes and components were not considered for
simplicity in the model. Pressure transients take an important role in operation of a
letdown station. For this reason, the NG networks, which are directly connected to
the TE, are modeled by considering a plenum of about 20 m*, which corresponds to
the volume of the closest part of the network. Analogously, the water thermal
inertia was modeled by considering a 25 m® plenum. Valves and heat exchangers
characteristics have been implemented and modeled according manufacturers’
technical sheets [11], TEs characteristics are shown in figure 26. The preheating
heat exchanger which serves the TE has an overall heat transfer coefficient (UA) of
about 1.94 kW/K. The circulating pumps flows are about 60 and 40 m®h for
throttling valves and TE lines respectively, for both system configurations.
Standard gas fired boilers have been modeled by means of two heaters whose heat
flows are regulated through PID controllers with proportional, derivative and

integrative coefficients of about 5, 1, 0.001 respectively.
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Figure 26. Turbo expander characteristics.

3.4.3. System transient analysis

The distribution of NG to the lines, which feeds the network, i.e. to the TE and
the throttling valves, is made by the fine regulation of the set-point of each of them.
Throttling valves set points are chosen in order to give priority to WER. The three
throttling valve lines openings are proportionally regulated through a pneumatic
system in a sequential manner: each set point is chosen in order to let just one line
open for standard NG flow scenarios. For higher NG loads, the second and the
third line will sequentially open following downstream pressure. For the high
temperature system configuration, the TE and valves set points are represented in
table 4.
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Table 4. Model set points.

Configuration | TE (kPa) 2nd TE V1 (kPa) | V2 (kPa) | V3 (kPa)
(kPa)
High temp. 560 - 500 450 400
Low temp. 1100 520 500 450 400

In the low temperature configuration, the throttling valves control logic is
defined similarly to the one used for the high temperature configuration. However,
in this case two TEs will be implemented in series in order to split the NG
expansion process in two stages. For this purpose, an intermediate pressure that
maximizes the specific work of the entire expansion process has been used. As

described in table 4, this corresponds to 11 bars.

In the following sections, numerical results of the above mentioned high and
low pressure system configuration are presented. The configurations have been
analyzed for different NG flow scenarios and boundary conditions, in dynamic
regime. As a first, a typical winter day NG flow scenario has been analyzed in
order to identify the main parameters of the process: TE energy production and
outlet NG pressure and temperature, thermal energy needs and boilers dynamics
behavior and, consequently, throttling valves dynamic response. This critical NG
flow scenario has been selected due to its particular trend and peaks because,
among all NG possible flows which take place along a year, it allows to observe
the TEs and throttling valves parallel operation. In fact, by considering typical
summer NG flows scenarios, it might be possible to not observe the dynamic

behavior of the throttling valves due the lower NG volume flows involved.

106




3.4.4. High temperature configuration

Figure 27 represents a standard NG flow scenario and figure 28 represents the
correspondent TE power production. As shown in figure 29, the TE's NG inlet and
outlet temperature are stable to values of about 71 °C and 5 °C respectively with
slight differences in transients phases that do not affect system safety and
operation. The same consideration would be valid for TE's NG pressures of figure
30. For the same NG flow scenario, during NG demand peaks, the boilers will
achieve a thermal power output of about 800 kWth as shown in figure 31. Finally,
referring to figure 32, as described in the previous section, each valves, V1, V2 and
V3, will proportionally open depending on the NG mass flow with a sequential
dynamics. Valves outlet temperatures are shown in figure 33. The water flows for
the preheating process are about 40 and 60 cubic meter per hour for TE and valves

lines respectively.
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Figure 27. NG standard daily flow scenario (model input).
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Figure 30. TE, NG inlet and outlet pressures
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Figure 33. Throttling valves, NG outlet temperatures
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3.4.5. Low temperature configuration

Same NG flow scenario of figure 27 has been simulated for the PRS low
temperature configuration. In this case, process water temperature set point has
been set to 55 °C for boilers. The pressure set point is designed to give priority to
the recovery line i.e. the highest set point is implemented in the TE and following
valves will sequentially open as it happens for the high temperature configuration.
Results for TEs mechanical power are shown in figure 34. It is possible observe
that, with the selected intermediate pressure, power generation is almost equally
subdivided on both the first and second stages. Figure 35 show the effect of the
transients on the first and second stage TE outlet pressures. Here it is possible to
appreciate that the NG pressure regulation is performed with high stability also
when NG flow transients occur. Instead, figure 36 represent the outlet temperatures
at the first stage and at the second stage of the TEs. Referring to figure 37, during
NG demand peaks, the two boilers will achieve a thermal power output of about
650 kWth. As modeled for the high temperature configuration, the preheating
process water flows are about 40 and 60 cubic meter per hour for TE and valves
lines respectively. Finally, figures 38 and 39, represent the throttling valves' NG

mass flow and outlet temperatures respectively.
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Figure 34. TEs mechanical power
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Figure 37. Boilers thermal production
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Figure 39. Throttling valves, NG outlet temperatures

3.4.6. Time-to-hydrates

The conditions set introduced in Sectionl was used as a reference base, that is 5 bar
and 15°C, for which the methane hydrates formation occurs in the range -2 / - 5°C.
The low temperature configuration has been analyzed for different operational
conditions in order to estimate the minimum water process temperature set point
before methane hydrates formation might occurs. More precisely, referring to
figure 40 the entire dynamic simulation refers to time length of about 33 minutes
where, the NG inlet temperature and the user demand have been kept constant at 15

°C and 20000 kg/h respectively. The initial boilers set points were fixed at 55 °C
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and they have been sequentially changed at minutes 1 and 10 to lower values of

about 50°C and 45°C respectively. After 20 minutes, boilers have been shut off.
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Figure 40. TEs' NG outlet temperatures for different set points

3.4.7. Discussion and applications

A large set of components is currently available on the market for the exploitation
of the high pressure of the national distribution grid, in very large plants
characterized by very high mass flow rate. The complexity of the TE plant for a
NG PRS is linked to safety issues and, hence, only a small set of TEs is available in
small sizes because they would be too expensive in most of the applications.

Currently, there is not any known application of double expansion system for low-
size PRSs.

Nevertheless, it is important noticing that, due to its configuration complexity, the
power produced by a double stage expansion processes is comparable with those
produced by a single-stage one and that, in most of the operating conditions, the

LTC gives only slighter reduction, if any. The analysis of the results, which are
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shown in the previous section, confirm the hypothesis of gathering a considerable

amount of work from a double expansion process in a PRS.

Most of the plants, which generate the pressure drop from the national and
transnational grid to the local one, are provided with conventional boilers to
prevent NG cooling beneath the temperature threshold, at which hydrates formation
takes place. Currently, a large interest is devoted to the revamping of the PRS with

TE, in order to recover the energy otherwise dissipated in the throttling valves.

3.4.8. Advantages of the thermal integration

A set of interesting advantages are hidden behind the temperature reduction
strategy in PRSs. This advantages are mutually connected and all of them gravitate
towards the possibility to reduce carbon emissions in urban areas (figure 41). In
fact, first of all, reducing the temperature would open the possibility of exploiting
lower and lower enthalpy heat sources introduces more and more efficient solutions
and renewable as well. For instance, it is possible to recall some of them in an
approximately temperature descending order: condensation boilers, CHP, high

temperature heat pumps and solar heaters.

Moreover, PRSs temperature reduction benefit not only consists in the
implementation of more efficient primary energy conversion components or
renewable, since there are more advantages that is important to highlight. In fact,
the LTC, is potentially characterized by a phenomenon of self-induced economic
and financial sustainability. This means that, by reducing the temperature, we
would be able to integrate also with, for instance, 4th generation DHN [12]
enabling economic sustainability due the aided income generated by the thermal
energy sold by the PRS. At this stage, it is worth to recall that, the initial

investment price of the LTC could increase of about 30-40% with the respect to
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HTC case. This opportunity enables the possibility to let PRS retrofit investments
feasible.

Finally, it is important to highlight that, to carry out an economic analysis of the
novel configuration would be surely fundamental to understand the feasibility of
such implementation, however, intuitively, investment sustainability is related to a
series of local factors. This means that it would be easy to lead to too specific
assessment or, better, to too vague conclusions about the financial and economic
issues of PRSs retrofits. For this purpose, the author believe that this kind of
projects requires ad hoc economic and financial analysis or, at least, more in-depth

studies but, this is not the scope of such article.

Finally, last but not least, with the proposed LTC it would be possible to reduce the
heat losses through pipelines and, for northern countries, where low outside
temperatures boost the heat exchange with external environment, this would led to
not negligible energy saving.

For this reason, it is important to analyze the performance of the plants feed by a
low temperature heat source. Comparing one by one figures 27-33, which present
the HTC performance, with the corresponding figures 34-39, which contains the
LTC ones, it is possible to see that the novel configuration is able to operate
correctly in the selected scenario. Because of this comparison, it is possible to
conclude that the novel LTC, which preheats NG to 50-55°C only, properly

matches the normal daily transient as well as the HTC.

As obvious, a crucial aspect is also related to the whole system control. As
demonstrated in [13], it is possible to achieve a 17% energy saving by
implementing an appropriate control in this type of system. Moreover, the thermal
integration with external users, would require even more attention to this issue
since, more efficient primary energy conversion could be achieved by

implementing appropriate optimization algorithms. However, generally speaking,
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we would feel confident to say that, typical city gate PRSs' NG load profiles have
an natural matching with thermal and electrical ones making integration even more
easy and, for well designed systems, the implementation of thermal or electrical

storages might be avoided.
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Figure 41. Representation of low temperature configuration advantages.

3.4.9. Discussion and conclusions

Figure 42 represents the dynamics variation of the thermal need reduction for low
temperature system configuration. Here, the performance analysis show how, for
low temperature configuration, it is possible to achieve an average reduction of
about 14% on the specific thermal production with the respect to high temperature
system configuration, for a typical winter day. For the same NG flow scenario,
figure 43 shows a comparison between the ratios of the specific heat consumption
and power outputs for low and high temperature configurations respectively:
differently from the HTC, the LTC enables an higher energy ratio. That might
suggest the possibility to achieve more performing operation in LTC with the
respect to HTC.
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Finally, the dynamic model of the LTC is able to assess the dynamic behavior of
the plant in case of fault of the heat source. The large thermal capacity of the
components of HTC and the value of the temperature of their thermal supplier give
rise to a long transient that can be managed by the operators. In this frame, it is
interesting to study the dynamic behavior, in case of fault, of the LTC because, due
to its lower temperature set point, it could generate shorter transients that could
lead, in a too short time, to unsafe conditions. For this reason, a dynamic
simulation of the LTC, in case of fault of the thermal supplier, has been carried out
and the results are reported in figure 40. It is possible to see that the time which
takes to the hazardous conditions of hydrate formations, is more than 15 minutes.
In fact, the temperature at the first stage outlet, that is the lower one, drops below -
2°C about 1000 s after the beginning of the event. This is a further assessment of
LTC, because the existing control system can easily manage such a long time
response. Instead, in order to avoid hazardous operations that would easily lead in
expensive system damage after few minutes, redundant TE's supervision system is
strongly recommended for isolated and unsupervised stations where the personnel

time-to-intervention is longer than the abovementioned threshold.

Concluding, there are many advantages in reducing the process water temperature
of natural gas pressure regulation systems with energy recovery system
implemented. This advantages are mutually connected and all of them gravitate
towards the possibility to reduce carbon emissions in urban areas. These consist in
the possibility to exploit low enthalpy heat source (waste heat), to implement more
efficient system configurations (condensing boilers, geothermal heat pumps etc), to
thermally integrate the system with 4th generation district heating network
generating in this way, an added income which would balance the higher
investment cost of the novel configuration proposed. These factors push authors to
analyze the possibility of reducing the process water temperature in PRS from the

energy point of view by considering a double stage expansion process i.e. two
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turbo-expander in series. As commonly known, water process temperature is
normally set to 85 °C. With the proposed novel configuration, temperature can be
reduced up to 55°C. However, working with this conditions, makes the risk of
methane hydrates formation even higher since it becomes easier to fall down in the
hydrates zone in shorter time. For this purpose, within this study, an accurate
transient analysis was carried out for a typical winter scenario which can be
considered the most suitable for this purpose. To achieve reliable results, we based
our analysis by using a numerical model which has been built and validated basing
on the existing plant located in the city of Genoa. Results of the analysis
demonstrate that the proposed novel configuration does not led to hazardous
system operations i.e. the risk of methane hydrates formation is ward off in normal
operating conditions. Moreover, extreme conditions were analyzed. In fact, the
system behavior in case thermal production and turbo expander supervision fault
was studied. More precisely, the simulation covered a time length of about 33
minutes. Considering the low temperature configuration, we calculated the time-to-
hydrates including system thermal inertia. In this scenario, as inlet conditions, a
natural gas flow of about 20000 kg/h at 15 °C was considered. The starting process
water temperature was about 55 °C. This set point was dynamically lowered after 1
minutes to 50 °C. Here no hydrates formation as been detected. However, after 10
minutes the water set point was lowered at 45 °C. In this case, within 6.5 minutes
the hydrates zone would be reached. More in general, we would feel confident
saying that, starting from the initial set point of 55 °C, if fault occurs, the system
would fall in the hydrates zone within 15 minutes. In this case, human intervention
is essential to avoid system disasters. So, for those isolated stations, where human
intervention is naturally slower, redundant security systems is strongly
recommended instead. Finally, the energy performance of the two configurations
were compared. In this case, results show that the low temperature configuration
could achieve higher energy performance reaching a average energy saving of

about 14% for typical winter operating conditions. Concluding, the novel proposed
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system configuration has many advantages in terms of opportunity of exploiting

low enthalpy heat sources, high efficient primary conversion technologies

utilizations, integration with renewable sources. Moreover, the novel configuration,

with an appropriate control logic, could easily achieve higher energy performance

with the respect to the high temperature one, increasing carbon emission reduction

in urban areas and keeping safe system operations.
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3.5. RETs Integration

The integration of PRS with RETs was first analyzed by Farzaneh-gord in [1],

where a case study located in Birjand city was presented. A non-controllable solar

flat-plate collector array integrated with a fossil-fuel-based heater was considered

to heat-up the NG. This case study was further enhanced in [2]. In fact, the same

system configuration was analyzed through including an automatic control and the

results were compared with the case where no TE was implemented. The local

solar irradiation has been estimated by considering solar engineering formulation in

both cases [3]. These studies, conducted in Iran, where solar irradiance conditions
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are definitely favorable, revealed that the integration with solar energy is a strategic

action for carbon emissions reduction in PRS operations.

Thus, solar-boosted PRSs might be a great option for smart transition to a
sustainable and clean energy scenario for other contexts as well. However, the use
of flat-plate collectors in EU countries does not ensure that the required NG
preheating temperature (normally about 75-85°C for a TE-based system) would be
reached, especially in northern countries [4]. Differently from flat-plate collectors,
parabolic trough solar collectors (PTSC) are capable to deliver energy at a higher
temperature [5],[6],[7],[8]. This key aspect would open the possibility to
accomplish the NG preheating based on a 100% renewable process, enabling near-
zero carbon emission for PRSs operations. In the reality, the opportunity to
drastically reduce carbon emissions is a challenging objective in PRSs. In fact,
considering that most of the PRSs are located near urban areas, a wide number of
physical and technical constraints could be found during PRSs retrofitting
intervention if on-site space available. For this purpose, in [9], the possibility to
employ a new PRS system configuration coupled with an appropriate PTSC size
and thermal storage unit (TS) is investigated. In [9], the system dynamic behavior
and performance were examined based on the information of a real plant located in
the city of Genoa [10]. The analysis was conducted for those typical average
intense days for each season. The analysis was then further extended at different
latitudes considering appropriate EU cities. An in-depth dynamic analysis of the
most hazardous scenarios was also carried out in order to evaluate the possibility to
achieve near-zero carbon emissions in PRSs operation. Energy, environmental and
economic performance of the new system was presented in comparison with the
conventional PRS where no PTSC was implemented. In order to achieve a better
understanding of the performance and the characteristics of this kind of retrofit

intervention, study [9] is further detailed.
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3.5.1. System description

The PRS configuration considered in this study is shown in Fig. 44. The plant is
constituted by a TE [11] which operates in parallel to three lines equipped with JT
valves (VLV1-3) [12]. The TE mass flow rate is controlled by a variable-inlet
guide vanes (VIGV) based on the downstream pressure, through a proportional-
integral controller (P-1). The heat exchangers (HE1-4) enable upstream NG
preheating and the amount of energy required varies based on the type of process
involved. The return water streams converge in a header (HDR) before entering the
TS. The hot water flow rate is controlled by variable speed pumps (P1-5). The hot
water is stored in the TS which is fed by a boiler unit (BO) and a Sun-tracking
PTSC through dedicated counter-current flow heat exchanger (HES5). The
dimension of the PTSC is subjected to the area available for the panels positioning.
Normally, most of the PRSs are located in the urban areas. This aspect makes it
difficult to find more space than the area available on the PRS building roof. These
buildings are normally characterized by construction standards, which foresees a
roof area of about 350 square meters. These push authors to consider an appropriate
configuration with a maximum of 4 panels for a total caption area of about 333.6
square meters. The BO unit power output is regulated based on the outlet
temperature by a proportional controller (P). The PTSC module characteristics are
determined based on the manufacturer catalogue [13]. The PTSC modules are
assembled in parallel since a relatively low preheating temperature of about 85 °C
is needed for the process. The high-temperature fluid (HTF) used in the PTSC is a
diathermic oil and its characteristics can be found in [14]. The NG inlet and outlet

pressures are set to 25 bars and 5 bars respectively which are the common
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operating values of the NG distribution nodes [15]. More details are summarized in

Table 5.
Table 5. System characteristics.
Component Value Component Value
Number of JT lines [-] 3 BO, nominal power 1100
[kwW]
HE1-3,  overall UA 1.5 BO, steel and water 1998;950
[KW/K] mass [kg]
HE4, overall UA [KW/K] 16 BO, steel [kJ/kgK] 502
HES5, overall UA [KW/K] 3 BO, P gain [kg/s] 9e-4
TE, model H-MTG550 PTSC, model SF-
Skytrough®
TE, nominal mechanical 550 PTSC, number of 4
power [KW] modules
TE, P-1 gains [m] 3.16e-5;2.71e-8 | PTSC, aperture area 333.6
[m?]
TE, set point [bar] 5.1 ST, volume [m°] 17.6
VLV1-3, set points [bar] 5;4.9;4.8 ST, cond. heat 25.9
transfer area [m?]
P1-3,4,5,6,7, mass flow |8;11.1;10;0.45;11 | ST, overall UA 10.36
rate [kg/s] [WI/K]
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Figure 44. A layout of the simplified system configuration.

3.5.2. Simulation scenarios

The assessment was conducted for a typical average intense day in January, April,
July and November. The system behavior and its performance were evaluated at
latitudes: Latitude 44°24' North, Longitude 8°56' East (Genoa), Latitude 40°51'
North, Longitude 14°14' (Naples) and Latitude 52°22' North, Longitude 4°53'
(Amsterdam). The solar irradiance and ambient temperatures were taken from Joint
Research Centre database [17]. As a Sun-tracking PTSC was considered, the direct
solar irradiance (DNI) was used in the simulations (Fig. 45). The BO efficiency,
the TE's iso-entropic efficiency and the NG normalized flow rates are reported in
Fig. 46. For simplicity, the NG composition considered in this study was
characterized by pure methane. Thus, according to Motiee et al. [16], the methane
hydrated formation was about -4.5 °C to -2.2 °C. For this purpose, an operational

scenario as "risky" if the NG temperature was considered as around 0°C, + 10%.
125




The NG upstream and downstream pressures were fixed at a constant value of 25
bars and the regulator set points were adjusted in order to give the operation
priority to the TE. The relative amount of methane flowing through the JT valves

can be deducted by the definition of the recovery factor (R) defined in Equation

(1).

_ e (1)

R = -
Mot

where, myg, m.,; are respectively the amount of NG flowing through the TE and
the total amount of NG entering the PRS. The initial conditions considered in all

simulations are presented in Table 6.

Table 6. Simulation initial conditions.

Process variable Value
Thermal storage temp. (K) 350
Downstream NG pressure (bars) 5

BO outlet temp. (K) 350

HTF outlet temp. (K) 350
Starting time (h) 01:00 AM
VLV1-3 opening (%) 0
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efficiency; (c) NG normalized flow rates.

3.5.3. Results
In Fig. 47, the percentage reduction of the operational cost is presented in

comparison with the percentage reduction of the PQ ratio and the carbon emissions
factor. During summer time, at 12.00 PM, a carbon emissions reduction of 33%
and 31% for the Naples case and Genoa case was achieved with the respect to the
conventional case. For the Amsterdam case, this value was calculated to be 15%.

The same results were valid for the operational cost reduction.
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3.5.4. Hazardous operations

Despite the physical constraint related to the dimension of the collectors that
drastically reduced the opportunity of carbon-free operations, the use of PTSC
coupled with TS is a strategic choice since it opens the possibility to achieve zero
carbon emissions. However, this is possible only under certain operating
conditions. In fact, during the summer season, in clear sky conditions, the PRS
operation could be conducted by using the PTCS only and the load shifting
capability of the TS. This means that carbon-free process can be achieved.
However, this might result in hazardous operations due to the following reasons:
while the PTSC is feeding the TS, if an NG peak occurs, the risk to open an
operating window with too low NG temperature is quite consistent. This is due to
the fact that the BO start-up takes few minutes before the water temperature in the
TS reaches a secure set-point. This can be observed in Fig. 48. Here, the simulation
conditions are referred to the Genoa case with a clear sky condition in July. In this
simulation, the BO set-point was 62 °C, the TS's initial conditions was 76.8 °C and
the R-value was 1. Following this scenario, the BO started in the early morning for
a few hours before the PTSC started (Fig. 48g). Then the entire process was
conducted only with the PTSC until the second NG peak load occurred in the
evening. Here the BO start-up again but the responsiveness of the system was to

slow due to the system thermal inertia. A dangerous operating window was opened
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(Fig. 48e). The NG temperature drastically dropped to -13.15 °C. The TE's local
control system must stop the TE operations before it happens. If it does not occur
in a responsive manner, air moisture would rapidly condensate and froze on the
TE's external surface causing dangerous perturbation on the downstream sensors,
while the methane hydrates would take place inside the pipes. The system might be
seriously damaged. Thus, this system management approach must be avoided and
operators have to renounce the possibility to achieve a carbon-free process.
However, the possibility to purse the zero-emissions objective from PRS process
was not completely lost as demonstrated in Fig. 49. In fact, by using an appropriate
control strategy, it is possible to maintain the BO units completely off. This can be
achieved by controlling the TE's power output which must be conducted only in
concomitance to the PTSC heat gain at a partial load. This would avoid the TE
dragging down the NG temperature during peaks ensuring safe operations. Instead,
the early morning NG load can be satisfied by using the JT valves which
preheating heat required is sensibly lower than the TE one as commonly known. As
shown in Fig. 19g, the minimum NG temperature did not exceed 2.5°C. With such
approach, the methane hydrates formation was properly prevented and a 100%
carbon-free process was achieved. However, this action implicates the R ratio to be
reduced from 1 to 0.3 causing a 66 % reduction of the TE's energy harvesting i.e.
3.6MWh lost on 5.5MWh producible. Once again, by observing the dynamic

results of such PRS, the need for proper optimization technique clearly emerges.
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Figure 48. In-depth transient analysis: non optimized process.
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Figure 49. In-depth transients simulation: optimized operations.

3.5.5. PRS and RETS in brief

In this research, the possibility to employ parabolic trough solar collectors and

thermal storage tank in the so-called natural gas pressure reduction stations

designed for energy harvesting was numerically investigated. A dynamic model

built in the Matlab-Simulink® environment based on a real plant operations records

was developed and used for performance assessment. Based on the typical average

intense days conditions, the energy and environmental performance of the proposed

system at different latitudes for the city of Genoa, Naples and Amsterdam was

evaluated. The R indicator was introduced to deduce the operational state of the
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system. For the proposed case scenarios, the novel configuration enabled a
maximum carbon emissions reduction of 33% and 31% and 15% for the city of
Naples, Genoa and Amsterdam respectively, in comparison with a conventional
plant without solar boosters. The corresponding characteristics average daily

kgcoz
kWh'

emission factors associated to the plant operations calculated were 0.238

0.243% and 0.261 % . For these cases, the system state was characterized by

an R-value equal to 1. The risk of methane hydrates formation can be practically
excluded under these conditions. During winter season, the case related to the city
of Amsterdam did not revealed to be energetically effective, thus, operation and
maintenance costs might be higher than the effective primary energy consumption
reduction. Thus, parabolic trough solar collectors might be a favorable solution for
carbon reductions only in clear sky conditions during winter. The possibility to
achieve zero-carbon operations in pressure reduction stations was then investigated.
The results demonstrated that starting from the 44° parallel, during summer season,
this objective is possible to be purse. However, a proper management of the turbo-
expander power output must be conducted in order to avoid hazardous operational
windows openings. Practically speaking, this foresee a plant conduction
characterized by an average R-value of 0.3 which corresponding energy harvesting
loss of about 66% with the respect to the fossil-fuel supported case. By observing
the dynamic behavior of the system under different operating conditions, the
necessity to employ novel accurate algorithm to enable optimal control of the
system clearly emerges. In conclusion, the adoption of parabolic solar trough
collectors coupled with thermal storage to reduce carbon emissions linked to the
European natural gas distribution network is a strategic retrofit measure that
policymakers should consider in a responsive manner in order to conduct an

intelligent transition to a more sustainable energy scenario.
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3.6. Enhanced Flexibility: The Gas Bagging

In [1], 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 [2] 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 [3]. Gas bagging enables operational flexibility that
could become strategic for optimal electric-vehicle charging scheduling [4] and in a
market environment [5]. 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 [6], 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
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architecture in order to ensure safe operations excluding the risk of methane-

hydrate formation.

3.6.1. System description

In Figure 50, 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.
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Figure 50. Network structure and subsystem schematization.

3.6.2. 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 51: 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.
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The relevant case scenarios considered in this study are linked to typical flow
patterns for a natural gas distribution system located in Italy [7]. As shown in
Figure 54, July and January flow patterns for gas-bagging proof of concept
purposes are considered. This is because the most hazardous operations (methane
hydrates formation) could normally emerge during these periods where the natural
gas flows are at their respective bounds. This scenarios have been simulated in a
Matlab Simulink environment through a dynamic regime model and further details
can be found in [1]. 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 (figure 52). 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 (figures 53). Finally, in order

to assess the effectiveness of gas bagging, for a daily time frame, the same energy
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production was imposed in the conventional simulations. In Table 7, the
component design characteristics are reported, while in Table 8, the simulation
initial conditions, which were kept equal in both the conventional and gas-bagging

simulations, are detailed.
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Table 7. Components details.

Component
Number of JT lines [-]

HE overall UA [kW/K]
HEL, overall UA [kW/K]

TE, model, Honeywell

TE, nominal mechanical
power [kKW]
TE, VIGV, Pl gains

(conventional) [m]

TE, set point (conventional)

[bar]

JT-Valve set point
(conventional) [bar]
JT-Valve plug diameter
[cm]

P1, P2, mass flow rate
[ka/s]

Value
1

1.5
16

MTG550
550

3.16e-5;

2.71e-8
5.1

8;11.1

Component

TE, power tracking PI gains
(gas bagging)

BO, nominal power [kKW]
BO, steel and water mass
[ka]

BO, steel [kJ/kgK]

BO, fuel, P gain
(conventional) [kg/s]
Hydraulic circuit volume
[m’]

Hydraulic  circuit  heat
transfer area [m?]

Hydraulic circuit overall

UA [WIK]

Downstream pipe diameter
[mm]

Downstream  pipe
[km]

length

Value
le-4;5e-

1500

1998;

950

502

9e-4

17.6

25.9

10.36

500

118
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Table 8. Initial conditions of the simulations.

Component Value Component Value

Boiler outlet temperature (K) 360.15 HP pipeline redelivery 25
pressure (barg)

MP pipeline inlet pressure 5 Hydraulic circuit 360.15

(barg) temperature (K)

Thus, for the conventional winter case (Figure 55a-d), in 24-hour operation, the
total energy harvesting is about 12 MWh. As shown in Figure 55d, the energy
production is concentrated in diurnal hours due to the typical patterns that
characterize natural gas distribution. As shown in figure 55a, 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 (Figure 55b-d). The same energy output, can be shifted to
night hours with the gas bagging (Figure 55e-h). In this case, a maximum bagging
pressure of about 8 barg is achieved. Following figure 55d, 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 55f) 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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Figure 55. Winter scenario: (a-d) Conventional; (e-h) gas bagging.

In figures 56a-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
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case. Furthermore, in figure 56e-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.
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Figure 56. Summer scenario: (a-d) Conventional; (e-h) gas bagging.
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In table 9, 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 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 9. 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, a qualitative index
named boiler behavior has been defined as reported in table 9. 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
9. This is calculated as the integral over the 24h operation. Finally, in the last
column of table 9, 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.
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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 9, 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 9 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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Table 9. Gas bagging versus conventional.

. Average
Fuel Gross TE Average TE Thermal unit Average .
. . Boiler P/Q outlet .
case | Mod. | Control cost Income output P isentropic energy output Q thermal . Operation
o o behavior “) temp.
(euro) (euro) (kwh) efficiency (kwh) efficiency )
Const. T 816 12010 0.54 11050 0.73 No Oscillations | 1.09 278 Haz
o 505.10
£
(=2}
g PID 800 12010 0.54 10825 0.73 Oscillations | 1.11 277 Haz
9] 521.10
&
- Lin. MPC 800 12000 0.54 10800 0.73 o 111 275 Safe
< 520.00 No Oscillations
]
C
S Const. T 850 47 12000 0.54 11640 0.75 No Oscillations | 1.03 278 Safe
c 0.00
h=l
5] PID 767 12100 0.54 10330 0.73 Oscillations | 1.17 271 Haz
= 564.00
o
O
Lin. MPC 848 12100 0.54 11690 0.74 No Oscillations | 1.04 275 Safe
437.90
g | Const. T 430 5345 0.48 5320 0.65 No Oscillations | 1.00 298 Safe
- = 157.95
j=))
=S [35]
s s]
@ PID 387 5345 0.48 4763 0.63 No Oscillations | 1.12 289 Safe
O 200.95
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Lin. MPC 330 5330 0.45 4000 0.62 1.33 275 Safe
256.30 No Oscillations
Const. T 414 5362 0.50 4893 0.64 No Oscillations | 1.10 282 Safe
= 175.82
5
= PID 377 0.52 4700 0.63 Oscillations | 1.14 280 Safe
L 210.62 5342
8
Lin. MPC 365 0.50 4320 0.63 No Oscillations | 1.23 276 Safe
218.00 5300
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3.6.3. Gas bagging in brief

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 to completely shift the energy production to
night hours while maintaining safe operations i.e. no risk of methane hydrates
formation. 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
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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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4. Guidelines to digitaliazation

In this section, the author will provide the guidelines to digitalisation for integrated
natural gas distribution system highlighting the key categories and factors involved
in the process.

4.1. Key categories and factors

Following, the critical factors involved in the digitalisation process are reported. In
general, these factors can be divided in four categories (figure 57-58) namely
related to the area of the process optimisation, predictive operation and
maintenance (O&M), integration and interaction with external processes or users
for coordination purposes and, finally, safety area. The process optimisation area
involves those factors necessary to conduct local optimisation of the process. To be
more precise, local optimisation should be performed by considering external
processes and factors (when those factors exist). As previously highlighted, the
process optimisation task requires that all the process thermodynamic variables to
be monitored. All these variables define the process status at every time step. Also,
digital twin can be employed as decision support and management tool. Digital
twin consists of a digital deterministic dynamic model of the local process. This
can be used for online or offline process control. At this stage, it is worth to recall
that the digital twin, might involve the use of load forecasting technique to simulate

the performance of the process for upcoming time slots.

Predictive analytics solutions enable an optimal maintenance activity which is
directly linked to an operational cost reduction and, in most case, to a safety

increase. Also, state-of-the-art analytic software is capable of monitoring unusual

151




changes in the equipment and technology behaviour before the failure occurs. In
this way, undesired downtimes could be avoided or reduced. According to the most
recent experiences [1], these advanced analytics solutions can identify problems
days, weeks or even months before they occur [1]. The predictive analytics tools
enable personnel to understand how non-performing operations impact on the

financial performance of the processes.

Concerning the GE1 experience [2], the vibration of the turbo expander is one of
the critical parameters to be monitored to enable optimal O&M. This is because
most faults were recorded on this equipment. To be more precise, this would

involve the power shaft functioning [3].

The interaction with complementary external processes, e.g. the natural gas
compressor stations is crucial to be managed appropriately especially for gas
bagging application previously introduced. On one side, this would require direct
communication and coordination between the PRS and the compressor station for
natural gas pressure optimisation for transportation purpose. On the other hand, a
set of critical parameters must be monitored at low-pressure regulation level. This

aspect will be further detailed.

PRS location usually is naturally suitable to host electric vehicles recharging
stations due to their area characteristics. This means that the recovered energy can
be further exploited locally by electric vehicles; thus, avoiding grid injection. To
achieve sustainable coordination and local system optimisation, electric vehicles
should be capable of communicating their arrival time, and energy needs to the
PRS controller. Similarly, the PRS controller should be able to express the
availability for charging electric vehicles (two-way communication). For this

purpose, geofencing technologies could be employed.

Last but not the least, the digitalisation process should adequately transform the

safety issue as well. How would digitalisation impacts the safety in PRS operations
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and management? The main problems are related to the monitoring of three main
parameters: the natural gas leaks, the TE's vibration and the environmental noise.
Besides, a smart smoke detector should be employed. The vibration monitoring is
necessary both for predictive maintenance but also to detect imminent equipment
failures like the power shaft problem previously mentioned. This is quite risky
since when the failure happens, the internal rotor hit the machine's case internally;
thus generating the risk of fires and blasts. For this reason, prediction algorithms
should be employed to detect hazardous operations. Finally, noise monitoring is
also crucial when using turbo expander technologies: in some operating conditions
which depend on the velocity of the natural gas leaving the turbo-expander and the
geometry of the pipeline, generates swirling dynamics in the fluid behaviour which

in translated in operations characterised by the dangerous noise level.

Process Optimisation

Digitalization
Areas

Figure 57. Digitalisation areas.
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4.2. ICT architecture

The overall ICT architecture is represented in figure 60. All the data flows are used
to enable the near-optimal coordination employing cloud computing technology
[4]. This data flow management approach, open up the possibility to achieve an
effective system control at higher level; thus, avoiding disaggregated optimisations
processes which might lead to non-effective system performance, i.e. higher carbon
emissions. Also, the cloud computing technology becomes essential at the problem
optimisation stage due to the complexity of the optimisation problem itself, in fact,
cloud computing are characterized by higher computational power which would

enable faster optimisation problems.
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To be more precise, concerning figure 60, the communication infrastructure
foresees a series of data to be acquired from upstream to end-users. The
communication infrastructure starts with the enabled communication between the
compressor stations, where the natural gas transportation pressure is established,
and the cloud computing service. The researchers in the past have deeply analysed
the optimal transportation pressure problem that impacts on the natural gas
transportation cost. However, in a digitalisation perspective, new challenges arise if
a cooperative approach between the transportation and the distribution is adopted.
In fact, the optimal pressure issue can be transformed into a cooperative
optimisation problem where a game-theory-based control approach can be utilised.
Practically speaking, if a new business model is employed, the economic income
deriving by the energy harvested by the PRSs (which depends also on the delivery
pressure) can be shared with the transportation company (which manage the
delivery pressure). In this perspective, the economic transactions between the
transportation and the distributor could be dynamically adjusted by intervening on
the delivery pressure of the natural gas. As known, at higher pressures corresponds
higher operating costs for the transportation (higher work for compressor stations)
and higher potential income for the distributor (the expansion ratio decreases the
specific work of the turbo expander increases). For the two players, a Naish
equilibrium [5] might exists; thus, this would be translated into a more efficient
process for the these two sub-sectors of the gas chain. If a Naish equilibrium does
not exists, at least, the flexibility of the system could be further enhanced by
manipulating the natural gas transportation pressure. In any case, to achieve this
objective, it would be necessary to set-up an ICT structure enable the required

monitoring and control.

The local control of the PRS also monitors the upstream pressure since it is
necessary information for the local optimisation problem. More precisely, this

information becomes fundamental when a gas bagging application, previously
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described, is implemented. Similarly, the gas bagging application, requires the
constant monitoring of the up-line pressure and the down-line pressure of the
distribution pipeline, to maintain safe system operations and reliable gas delivery
service. Of course, the monitoring of these parameters is essential also for

conventional processes, for safety and reliability purposes as well.

In addition to these parameters, also the two-way communication is enabled with
other PRSs connected to the same distribution branch. This is necessary in order to

coordinate the gas bagging operations as previously appropriately described.
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End-users should also communicate their actual gas consumption to the central
cloud-based-system to perform a proper loads coordination during online system
control or for optimal scheduling of the energy production. For this purpose, the
implementation of the smart meters becomes crucial (figure 59). In Italy for
instance, the first implementation process of the smart meters, generally known as
the "roll-out”, for electricity distribution has been already completed in 2018. The
Enel smart meter will be now substituted by the open smart meter which embeds
advanced characteristic designed for metering, analysis and, the most important,
communicate with home automation systems. Differently, the roll-out process of
natural gas smart meters, with remote communication, is taking longer due to some
factors mostly related to the state-of-the-art of the technology. More precisely, the
main barrier that sharply limits the diffusion of such technology is related to the
limited energy autonomy of this system which depends on the embedded battery.
Of course, the use of AC is not allowed due to safety reasons. However, these

technologies are essential to enable the smart-demand response.

Figure 59. Smart gas meter [6].
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4.2.1. Risks of the cloud computing

There are some security issues related to the could computing when applied to PRS
and whole system control. These, are mostly associated with the volatility of the
information stored and the data security. The risks can be summarised in two main

points: data security and privacy, and service continuity.

In fact, for the first case, for end-users, to store personal data might represent a risk
of violation of personal privacy. This becomes easy to imagine when one thinks
about the data relatives to energy consumption. In fact, from these data, it would be
theoretically possible to reconstruct people's habits when they are living at home.
The degree of accuracy in users' behaviour predictions (user profiling) might be
impressing if coupled with water, electricity and gas consumption metering at the
same time. If employed, Wi-fi connections might be hacked, and data loss could
occur. In a competitive and open energy market, this represents a risk for the

industrial security.

At the design level, problems relative to the service continuity issues must be taken
into consideration when could services are used. For this reason, redundant clouds
are employed by established companies, but the problems could anyway emerge
due to download and upload speed issues. Thus, a failure in the cloud service
would be translated into a failure in the gas, electricity and thermal energy delivery
services is a sort of "domino effect" dynamic. This aspect still requires a more in-
depth investigation. In general, to define a unique strategy might not be the right
approach to this problem since every system has its characteristics, i.e. different
response to failure. For this reason, once again the use of a digital twin becomes
essential. One solution could be the use of a passively induced local control based
on on-site computers. This passive switch should ensure service continuity to the

natural gas distribution and electricity as well. Of course, the optimal control and

159



the proper coordination of the system wouldn't be possible anymore during cloud

service's failure.

4.3. Incentives design

An incentive mechanism, design ad-hoc for the energy recovery in natural gas
pressure reduction station has not been defined in most European countries yet. For
the power injection into the national transportation grid, usually, the energy
produced by the turbo-expander is remunerated with a tariff derived from the
cogeneration regulatory framework and adapted according to a bilateral agreement
between the producer and the electricity transportation company. However, there
might be many different scenarios where the regulatory framework does not
provide a clear answer relative to the energy remuneration and incentives. The
problem has been arisen by the author different researchers [7]. Just for instance, as
highlighted in [7], the thermal energy for the natural gas preheating phase, could be
provided by renewable resources, by conventional fossil fuels or by a hot mix, as it
happens in [7] and [8]. The authors have investigated this problem in [7], and the
solution might be relatively simple: the energy output should be weighted based on
the thermal energy production and multiplied for the dedicated tariff.

Also, the limitation of the regulatory framework arises at a more higher level. In
this sense, as highlighted by [9], the energy recovery process requires up to 5 times
more thermal energy than the process based on the use of conventional Joule-
Thomson valves. For this reason, the overall performance of the system must be
verified and quantified based on the performance of a baseline thermal energy need
that should be represented by that conventional process. This aspect is
fundamental, and it should be taken into consideration during the regulatory
framework design phase to enable reliable and adequate energy remuneration. To
achieve this accurate performance monitoring, once again, the use of reliable

digital twin would be an asset. For given boundary and operating conditions, the
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digital twin would be capable of simulating a parallel process, based on Joule-
Thomson valves, which is necessary to define the WER index clearly described in
[9]. The WER index establishes the effectiveness of the process performed at every

time step.

Of course, in this perspective, a further tariffs differentiation for injected and

locally exploited energy should be foreseen.

4.4. Performance monitoring and post-validation

The objectives of the digitalisation process aim to improve the quality of the at
different levels: process control, operation and maintenance, integration and
integration and, of course, safety. However, the implementation of dedicated ICT
infrastructures should justify the actual benefits regarding energy efficiency and
flexibility that both lead to environmental emissions reduction. However, these two
objectives should be appropriately monitored and validated: here, a new challenge
starts.

The post validation process is a complex objective to be achieved. It depends on
the characteristics of the energy system involved, the interactions with external
users or processes and the overall benefits that might be achieved by these
interactions. In reality, policymakers should be aware that digital technology could
increase the energy consumption at the end of the story. For this reason, a post-
validation process must be foreseen. Differently, the risk of the digital revolution,

ending up only with a "...it was only good business for some companies..."
becomes consistent. The primary objective of the digitalisation process of the
energy industry is to reduce the overall carbon emissions attenuating the global-

warming.

The simple question is: how it would be possible to validate the effectiveness of

digitalisation in a such complex, multi-energy, integrated environment?
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First of all, the monitoring of the effectiveness of the digitalisation should be
undertaken at two levels: locally; thus, analysing the energy performance of the
process like the PRS but also at higher level, to understand the impact of
digitalisation at the global level. In any case, paradoxically, the digitalisation is the
answer to the question. Once again, the use of advanced modelling tools might be

useful.

At global level, when energy systems and process are locally integrated to enhance
flexibility and energy efficiency, when the consumers become prosumers, when
complementary sectors such as transportation are involved in the coordination and
optimization process, e.g. electric vehicle recharging and/or vehicle to grid
applications, the need of integrated assessment modeling clearly emerges.
Integrated assessment modelling is a type of scientific modelling often used by the
environmental sciences and environmental policy analysis [10]. The modelling is
integrated because ecological problems do not respect the borders between
academic disciplines [10]. Integrated assessment models, therefore, integrate
knowledge from two or more domains into a single framework [10]. Integrated
modelling is referred to as assessment because the activity aims to generate useful
information for policy making, rather than to advance knowledge for knowledge's
sake [10]. Integrated assessment modelling is that part of an integrated assessment

that relies on the use of numerical models [10].

Instead, at local level, the performance assessment of the process can be verified

locally using the digital twin previously described.
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5. Discussion and Conclusions

In the first part of this research, the author presented a collection of his research
contributions to the topic related to the energy management in natural gas pressure
reduction station equipped with turbo expander technology. Furthermore, Starting
from the state of the art and the authors' prior research contributions, the guidelines
for digital retrofit for a specific kind of distributed energy system, were outlined.
More precisely, renewable integration, cogeneration, temperature reduction
strategies, integration with external processes/users and, finally, the most recent
system management techniques have been taken into consideration during the
guidelines definition. Following, a discussion of the different aspect that gravitate
around the digitalisation of gas distribution industry will be presented.

5.1. ICT, control and flexibility

From the conducted research, it clearly emerge the need to intervene at differently
levels in order to properly enable a digitalisation process of integrated natural gas
distribution systems. To be more precise, technically speaking, the digitalisation
process does not require complex ICT systems. In fact, the implementation of few
dedicated sensors and a digital infrastructure are the only retrofits required for this
purpose. The digitalisation challenges are more related to the optimisation of the
large-scale system, the data security and the regulatory framework. In fact, with
reference to the optimisation task, the use of predictive algorithms and efficient
optimization problem is required. When online optimisation is conducted, the
computation of the optimal solution must be conducted in advance for every time
slot, thus efficient computation and accurate forecasting algorithms are needed. For
these prurposes, the use of digital twins would be recommended in order to
perform control optimisation and prediction both online and offline. This represents
a challenging task when complex large-scale systems are involved.

The ICT architecture and a proper system control would open up the possibility to
increase the system flexibility by employing gas bagging management strategy. In
a perspective of local energy exploitation, the gas bagging is strategic since the
possibility to avoid electrical storages is enabled. For this purpose, once again it
would be fundamental to design proper control algorithms in order to achieve safe
operations and services continuity. In addition, the ICT architecture should be
designed in order to enable a two-way communication with the compressor
stations. This would open the possibility to find optimal delivery pressure of the
gas transmission and distribution operators and coordinate gas bagging

applications.
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5.2. Data security & Domino Effects

The data security problem must be carefully considered. Hackers attacks must be
prevented and dedicated protocols should be designed in order to protect and to
handle these situations. Differently, the data kidnapping social phenomena could
become even more frequent.

The reliability of the cloud computing service and the component failure, must be
managed with accuracy and, for this reason, it would be necessary to employ
analytics software for predictive O&M and assess the effect of a digital failure on
the processes of the multi-carrier system; thus, excluding the possibility of a sort of
digital domino effect that could emerge from the integration of the different
systems. For instance, a fault on the turbo expander would be reflected on the other
processes performance, thus, it is fundamental to assess resilience of the systems to
components failures.

5.3. Regulatory framework and business models

The regulatory framework must be redesigned according the new paradox
involved. At the current state, the regulatory framework represents a barrier to the
digitalisation; thus, limiting the CO2 saving potential deriving from a digital
retrofit. New incentives must be properly designed especially for pressure
reduction stations characterized by a renewable thermal energy production.

A new business model between the transportation and the distribution sectors of the
natural gas should be considered in order to unlock the possibility to coordinate the
two sectors in an optimal way basing on a game-approach; thus enabling an overall
carbon emissions reduction from a part of the natural gas chain.

The post-validation of the digitalisation must be carefully considered due to the
risk of higher energy consumption. For this purpose, the use of digital tools would
be strategic.

Concluding, from this research, it clearly emerges that there are several issues at
different levels that must be taken in consideration to achieve a proper digital
intervention, e.g. ICT architecture design, energy management system creation,
joint business models creation, flexible incentives design, cybersecurity, post-
validation of the environmental performances of the whole digital retrofit. All these
issues, from a specific point of view, make the digitalisation process an important
challenge for policymakers, techs companies, industries and researchers. But, from
another point of view, digitalisation represents an important element that, if it is
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appropriately managed and contextualised, it will create new commercial
opportunities; thus, boosting-up new and existing economies. In other words,
digitalisation might represent a tool to partially manage the economy and the
environmental crisis, helping to achieve Sustainable Development Goals but, of
course, a proper orchestration will be needed. However, in author opinion,
regarding the energy sector, one of the main problem of this emerging digital
scenario consists in the risk of a speculative behaviour by techs companies that
would be translated at the end in a good commercial affair rather than a strategic
action for environmental and economic sustainability. In this perspective,
policymakers should be paying attention to this aspect that represents a latent risk
whose manifestation, whose damage, would not be possible to be metered (or
detected) in the future because, in other words, the question would not be about
"what has been made so far...". The question would be about "what has not been
made so far...", which is rather than difficult to be quantified. Concluding, a set of
integrated multidisciplinary research programs are required to address in a strategic
way the digitalisation issue.
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