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Abstract

The exploitation of the Power-to-Gas (PtG) technology can properly support the distribution system operation in case of large
penetration of Renewable Energy Sources (RES). This paper addresses the impact of the PtG operation on the electrical distribution
systems. A novel model of the PtG plant has been created to be representative of the entire process chain, as well as to be
compatible with network calculations. The structure of the model with the corresponding parameters has been defined and validated
on the basis of measurements gathered on a real plant. The PtG impact on the distribution systems has then been simulated on two
network models representing a rural and a semi-urban environment, respectively. The testing has been carried out by defining a set
of cases that contain critical situations for the distribution network, caused by RES plant placement. The objectives of the
introduction of PtG are the reduction of the reverse power flow, as well as the reduction of the overcurrent and overvoltage issues in
the distribution system. The results obtained from annual simulations lead to considerable reduction (from 78 to 100%) of the
reverse power flow with respect to the base case, and to alleviating (or even solving) the overcurrent and overvoltage problems of
the networks. These results indicate PtG as a possible solution for guaranteeing a smooth transition towards decarbonized energy
systems. The capacity factors of the PtG plants largely vary depending on the network topology, the RES penetration, the number of
the PtG plants and their sizes. From the cases tested, the performance in a rural network (where the minimum capacity factor is

about 50%) resulted better than in a semi-urban network (where the capacity factor values range between 21% to 60%).

Keywords

Distribution System, Energy transition, Power-to-Gas, Renewable Energy Sources, Storage.

1. Introduction

In the last years, the increase of Renewable Energy Sources (RES) has changed the paradigm of the distribution system
operation, by imposing a shift from the traditional case of a completely passive network to a more and more active network hosting
an increasing share of local generation. The local generation is variable during time and can create different issues, such as i) reverse
power flow (occurring when the distribution system injects power into the transmission system), and ii) operational constraint
violations (in terms of voltage and current limits). For solving these problems without the RES production curtailment, the excess of

local generation should be converted and stored in appropriate forms.
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The choice of the type of storage to be used depends on the need to use more power (generally with relatively short duration) or
more energy (from equipment that guarantee longer autonomy). Power-to-Gas (PtG) is a solution that can exploit the excess of
electricity from the local generation system to produce and store gas, then using the stored gas at a later time for different purposes.
These characteristics make PtG adapt to be integrated into multi-energy systems [1], [2] and to participate in the energy system
operation in a flexible way [3].

In general, PtG plants can be divided into two main product chains:

e Power-to-Hydrogen, where the excess of electricity from RES is transformed in hydrogen [4]
e Power-to-Methane, where the hydrogen produced is converted in methane through methanation [5]

This paper focuses on the second production chain and aims to study the integration of a PtG plant into a high-RES
distribution system.

In the literature, there are relatively few studies that combine both PtG and distribution systems. In [6], the authors have
investigated the use of an electrolyser as an alternative for network expansion in case of high photovoltaic (PV) penetration. A
real network has been modelled and the size of the electrolyser has been obtained by considering the same effect reached by
cable substitution. The techno-economic analysis has highlighted that the profitability is greatly depending on the local excess of
RES [7]. More in detail, RES electric excess has been used for sizing of the PtG plant capacity, reaching an overall PtG plant
efficiency of about 77% (on a LHV basis) and a utilization factor of about 30% [7]. These results have been obtained both
optimising the thermal integration between the methanation unit and the electrolyser, and analysing the management of each
equipment [7]. The use of a low-voltage (LV) electrolyser has been studied by predicting the temporal variation of excess energy
occurring in low voltage networks at 2030 and by identifying appropriate electrolyser capacities, while not considering any
network topologies, but only an equivalent energy balance at a single node [8]. In [9], the mitigation effect of electrolysers on the
reverse power flow has been exemplified on a LV grid. The evaluation of the use of power-to-methane chain in case of
distribution systems characterised by an excess of wind production has been analysed in [10]. The study has been based on the
consumption of gas and electricity of a local area, and the use of combined heat and power (CHP) plants locally installed has
been considered as well. In [11], the authors have focused on voltage regulation in active power distribution systems, by
presenting a new algorithm for the real time scheduling of PtG and Gas-to-Power (GtP) plants by considering also arbitrage
opportunities. In [12], the authors have presented a voltage control strategy by coordinating both the On-Load Tap Changer and
an alkaline electrolyser modelled dynamically as in [13]. The same electrolyser model has been used in [14] for studying how the
electrolyser can be optimally designed and installed for facing the increase of RES in future active distribution networks. The
alleviation of reverse power flow, line congestions and power losses in integrated power and gas network has been studied in
[15]-[17], respectively. In those cases, the authors have presented three different scheduling algorithms to properly deploy
power-to-methane and GtP conversion unit for distribution network support. The constraints of the chemical plants have been
represented in terms of minimum and maximum power and gas flow of the plants.

All the above papers have modelled the PtG units as “black boxes” without considering the physical connections existing
among the different plant parts, and thus also auxiliary services (such as compression systems) have been missed by the
modelling aspects. Thanks to the multi-disciplinary team composing the project STORE&GO [18], the complete model of a PtG
plant! has been created and then included in a power flow calculation. For representing the effect on different seasons, the annual
irradiation profiles have been considered with reference to the installation sites of the demonstration plants of the project.

Furthermore, for understanding the effect on different network topologies, two realistic network models have been introduced to

! From this point, with PtG plant only the power-to-methane chain will be indicated.
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show the effect on both rural and semi-urban grids. Typical load profiles have been included to represent the variability of the

loads in time. Great attention has been devoted to the case study creation, by considering different possible positions of the PV

plants in the grid.
Regarding the electrical point of view, the PtG plant is a particular type of load, and as such it has to be properly modelled in

a power flow calculation tool. PtG plant modelling is an open research issue, especially because of the need of providing a sound

validation of the model on the basis of real case applications. On the basis of the previous considerations, this paper presents a

number of specific contributions to the modelling and exploitation of PtG in distribution systems, namely:

1. The PtG plant modelling is addressed in order to formulate a steady-state model of PtG to be incorporated in the power flow
equation solvers. The validation of the model is carried out on the basis of measurements collected from a real PtG plant.

2. The impact of PtG on the distribution system operation is then studied through simulations in steady-state conditions.
Different loading and RES penetration are considered for reproducing different network issues that may be alleviated by
using PtG plants. Dedicated cases are created with different RES penetration, by locating the RES sources at network nodes
that correspond to critical conditions for the amount of reverse power flows, as well as for the presence of overcurrent and
overvoltage issues in the distribution network.

The rest of the paper is organised as follows. Section 2 presents the characteristics of the PtG plant modelled and highlights
the modularity of the proposed model. Section 3 focuses on the creation of the case studies, by considering different PV

penetration and location in the two networks. Section 4 shows the results, whereas Section 5 provides the concluding remarks.

2. PtG plant model

The PtG plant consists of a low temperature-based electrolyser (LTE), a buffer and a methanation unit. A simplified scheme
of the PtG process is illustrated in Figure 1. The LTE converts liquid water into gaseous oxygen at the anode and gaseous
hydrogen at the cathode through electrolysis [7], [19]-[22]. According to the literature, the efficiency of the electrolysis ranges
between 55% to 70% (on a LHV basis) [7], [23], [24]. The hydrogen produced within the LTE could be stored in a tank or sent
to the methanation unit. The hydrogen is mixed in stoichiometric ratio with carbon dioxide (H,/CO, molar ratio equal to 4) in

order to supply the methanation unit that produces synthetic natural gas (SNG) [7], [19], [22].
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Figure 1. Simplified low temperature-based Power-to-Gas process scheme considering H, storage.

In addition, the main characteristics of the PtG are summarized in Table 1.

Table 1. Characteristics of the PtG plant.

Parameter Value Parameter Value
LTE operating temperature 80 °C CO; conversion within the methanation unit 98.5 %
LTE and methanation unit pressure 15 bar Inlet — outlet temperature of the cooling water 28 -32°C
H, tank maximum pressure 60 bar Coolant temperature in the methanation unit 250 °C
Compression efficiency 75 % Power-to-hydrogen efficiency (LHV basis) 57.6 %

2.1 Characteristics of the electrolyser

A low temperature-based electrolyser is characterised by a power-to-hydrogen efficiency, whereas the methanation unit is
characterised by a certain value of the CO, conversion efficiency (i.e., 98.5% [7], [19], [25]).

The PtG model has been built considering the dynamics (start-ups, shutdowns and partial loads) of a real plant installed in the
demonstration site of Falkenhagen (Germany), whose process is based on Alkaline Electrolysis (AEC). This plant consists of a 2
MW AEC-electrolyser, which was composed of 6 AEC modules (330 kW each one). The electrolysis technology considered has
minimum load P,,;,=20% [23] and power-to-hydrogen efficiency ny, = 57.6%? (real data).

The characteristics of minimum load and efficiency of the AEC technology has been directly provided by the Falkenhagen

2 The efficiency refers to the Lower Heating Value.
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plant managers, based on their long-time experience in the plant operation. It is worth noting that the AEC efficiency is in line
with the related literature [24], [26]. Regarding the minimum load of the electrolyser (i.e., the power to be provided for
producing the minimum amount of H,), the values existing in the literature are even lower than 20 % but they may lead to
problems (see for example [23], [27]). The modularity of these technologies simplifies the management of the electrolyser,
moreover each module could be maintained in hot stand-by if there is not enough electrical energy for supplying the PtG plant.

On the one hand, the electrolyser has a wide rangeability thanks to its modularity. On the contrary, the methanation reactors
have a narrow rangeability due to the kinetics of the methanation reaction [25], [28]. More specifically, according to the
literature [25], the reactors are conceived as tube-bundles refrigerated by evaporating water at 250 °C. The methanation reaction
is extremely exothermic [28], [29]; hence, the tube diameter must be small for avoiding too high radial thermal profiles.
Obviously, the design of a methanation reactor is made for the nominal productivity; however, the residence time increases (and
the gas hourly space velocity decreases) reducing the productivity. Consequently, the heat generation profile along the axis of the
reactor becomes narrower and more intense; in addition, the overall heat exchange coefficient decreases [19], [25]. Therefore, it
could cause problems of thermal management, hot spots and local deactivation of the Ni/y-Al,O; catalyst (i.e. sintering) [7],
[28]-[30]. Hence, each reactor could be parallelized in 3 or 4 bundles in order to increase the rangeability of the PtG plant, for
instance, from about 60-110% (i.c., only one bundle for each reactor) to about 20-110% (i.c., three bundles in parallel for each
reactor). For all these reasons, the best option is to maintain the methanation unit at least at the minimum operative load.

The model developed in this work, as additional feature, considers also all the auxiliary consumptions, which can be easily
adjusted according to the actual PtG plant layout. More in detail, the energy consumption of a compressor (Ecompr, W) Was
calculated according to equation (1) [31], where Z is the compressibility factor that was assumed unitary, R (8.314 J mol! K!) is
the ideal gas constant, T}, (K) is the inlet temperature, 7, (mol s™!) is the inlet molar flow rate, y is the heat capacity ratio, and
Heompr 18 the compression efficiency, which was set equal to 70% and p;, and p, represent the inlet and outlet pressure,

respectively. In addition, multistage compression was considered if the compression ratio (po./pin) Was greater than 4.
y—1

y-ncompr Pout\¥ Meompr . (1)
Ecompr =Z-RTiy V=1 : P — 1",

Moreover, the methanation unit and the electrolyser require an additional electric consumption due to heat dissipations caused
by natural convection [7], if they are maintained in hot stand-by.
2.2 The electrolyser model

The dynamic behaviour of the AEC-electrolyser has been obtained from the analysis of a test carried out at the Falkenhagen

plant (shown in Figure 2).
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Figure 2. Falkenhagen test on an AEC-based electrolyser

The test had duration of about 11.5 h and highlighted that the AEC-based electrolyser had a fast response when the setpoint
changed. Therefore, its response could be modelled for the purpose of forecasting the behaviour of the AEC-based electrolyser
when it is coupled with an intermittent RES-based electrical profile. It is worth mentioning that during the test, the set point of
the electrolyser was periodically changed with steps of different amplitude to explore a large number of operating conditions.

The easiest model to describe the AEC-based electrolyser behaviour is a first order system with delay, which is characterised
by three parameters; the mathematical model of its response to a step is described by means of equation (2) [32]-[34]:

y)=0 a Ift<a
{y(t)=A-K- 1—exp(—T)

@

Ift>a
In this equation, y(t) is the actual power of the AEC-based electrolyser (MW) at the time step t (s), 4 is the step amplitude of
the set point (MW), K is the gain of the system, @ is the time delay of the response (s), T is the time constant of the system (s).

The gain K can be evaluated by means of equation (3), where y(0) is the actual power of the electrolyser after a large period of

time (stationary condition):

y(®)
K="5 ®)

The two time parameters (@ and 7) have been estimated by means of the Sundaresan and Krishnaswamy’s method [35],
according to equations (4) and (5), respectively. The two parameters were calculated using two characteristic points of the
response curve: t1 represents the time in which the response reaches 35.3% of the stationary value y(0), while t; is estimated as

the time in which the response reaches 85.3% of the final value y(0):

a= 1.3't1—0.29't2 (4)

=067 (t;—t;) Q)

For the purpose of evaluating these three parameters, four steps with the same amplitude (i.e., 0.3 MW) have been considered,

by obtaining the parameters shown in Table 2. These steps are highlighted in Figure 2 between 40 min and 100 min of the test.
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Table 2. Characteristics of the low temperature-based electrolyser.

Parameter Value
K 1

a[s] 14.62
T [s] 11.73

The fit between the model output and the real data is shown in Figure 3.
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Figure 3. AEC-based electrolyser response model estimated using Falkenhagen test data (first order system with delay). It is worth noting that
the experimental data (rved spots) refer to the four steps considered for the modeling, as mentioned in the text. For comparing the behavior of
the response, the starting values of the real steps were shifted to zero (baseline), and thus some data are overlapping.

2.3 Simulation algorithm of the PtG plant model

The flowchart of the simulation algorithm (called in the sequel function PtG) is shown in Figure 4.
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Figure 4. Flowchart of the algorithm (function_PtG)

The simulation algorithm consists of the following main instructions:

Setpoint: the setpoint is defined as the theoretical maximum operative power at which the electrolyser may work. This
maximum can correspond to either the power provided by the grid (when it is lower than the nominal power of the
electrolyser) or the nominal power of the electrolyser (in the case it exceeds the nominal power of the electrolyser).
Actual power: it represents the actual electric consumption that could be calculated using the dynamic model of the AEC-
based electrolyser (Section 2.2).

Hydrogen production: the hydrogen flow could be evaluated taking into account the efficiency of the electrolyser.
Hydrogen tank management: if the electrolyser is operative, a minimum hydrogen flow feeds the methanation unit.
Beyond this, certain amount of hydrogen is sent to a hydrogen tank until the tank is completely full (the priority is filling
the tank). This operation allows to decouple the methanation unit from the electrolyser. When the electrolyser is not
operative, the stored hydrogen is fed to the methanation unit, for producing continuously SNG. In this case, the
methanation unit works at the minimum power load; when the hydrogen tank is completely empty, it could be turned off
and remain in hot standby conditions®. More in detail, H, produced in the LTE could be split into two streams. During the

filling of the H, tank three configurations have to be considered:

3 A hot standby condition (it means that the equipment is maintained at the operative temperature conditions with auxiliary energy, in order to ensure a fast

start up) was assumed for the main equipment (electrolyser and methanation unit).
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e If'the H, tank is empty, its pressure is lower than the operative pressure of both the LTE and the methanation unit.
Therefore, the compressor (P-102) is useless and the H, tank could be partially filled using stream 9 until the
storage pressure is equal to the operative pressure of the LTE.

e If the H, tank is partially filled, its pressure ranges between the operative pressure of the LTE and the maximum
storage pressure. Therefore, the compressor (P-102) is used for filling the tank until it is completely full.

e Ifthe H, tank is completely full, the produced H; is directly fed to the methanation unit using stream 16.

If the LTE does not produce H,, the methanation unit could be fed using the stored H,. In this case, three configurations
could be possible:
e If the tank pressure is higher than the operative pressure of the methanation unit, H, could be fed to the
methanation unit through stream 14.
e If the tank is emptying, H, could be fed to the methanation unit using the compressor P-103 until the tank is
completely empty.
e [f the H, tank is empty and no electricity is available for producing H,, the methanation unit must be turned off
(shutdown of the PtG plant).
Auxiliary consumptions: all the consumptions of the auxiliary items of equipment are related to the amount of produced
hydrogen. Firstly, the hydrogen could be compressed; secondly, the carbon dioxide has to be compressed; thirdly, the
water has to be pumped and lastly it must be heated up to the temperature of the electrolyser.
Control of the setpoint: the setpoint power of the electrolyser must be recalculated considering the new auxiliary
consumptions, because the available electricity is comparable with the power absorbed by the electrolyser. This affects
the power withdrawn from the power grid.
Methanation unit: the amount of SNG could be calculated using the CO, conversion, or alternatively, the hydrogen-to-

SNG efficiency.

Creation of the case studies

As widely shown in literature (for example in [36]), the installation of large share of RES can create the following issues in

the electrical networks:

Reverse power flow (RPF): on the one hand, a reverse power flow affects the transmission system because the point of
connection between transmission and distribution system becomes equivalent to a non-controllable active node. On the
other hand, the presence of reverse power flow can create issues also at the distribution system, for example in terms of
not proper protection schemes. Usually, these problems are nowadays solved by cutting the excess of production or using
some pilot battery-based storage [37].

Overcurrent (OC): the large share of RES can create overcurrents along the feeders. These overcurrents can affect only a
portion of the network (e.g., the last portion) or the entire network, depending on the level of load and distributed
generation, together with the geographical position of the PV plants.

Overvoltages (OV): this problem is characteristic especially of rural networks, composed of long feeders (also up to 10
km), and characterized by a high R/X ratio, which leads to have to voltage levels changes strictly linked with the active

power flowing in the grid branches.

It is worth noting that the presence of reverse power flow leads the network to operate in an alert condition, whereas the

presence of overcurrent and overvoltage are symptoms of an emergency condition (because directly affecting the operational
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constraints of the network) [38] and the distribution system operators needs to solve these problems as soon as possible, by
making use of different approaches which can even result in lower quality of service (e.g., load disconnections). So, the
simulations carried out starting from conditions in which the network constraints are not satisfied (even though these conditions
do not correspond to real situations) have the goal to show, in very extreme cases, how the potential use of PtG can alleviate also
these problems.

The creation of the case studies needs the proper placement of the PV plants. In this study, the placement of the PV plants has
been carried out by using two different approaches:

e Topological approach: the PV plants have been installed according to the length of the network lines.

o Losses Allocation Factors-based approach: in this case, the approach shown in [39] and based on [40] has been adopted.

A detailed analysis on the implication of the use of the loss allocation for distribution system analysis can be found in
[41].

These approaches are followed by using a series of assumptions on the model of the distribution system, namely, (i) the power
flow is calculated as an equivalent single-phase circuit. This is justified in medium voltage networks (to which PtG is connected,
because of its size), where loads and generations are usually distributed in a relatively uniform way on the three phases; (ii) the
distribution system is analysed in time as a succession of steady state conditions, in which constant average power
withdrawn/injected by loads and local generations in every time step are considered for the power flow calculations. This also
implies that the frequency is considered constant (at 50 Hz) during the entire simulation horizon. The use of more detailed
dynamic models for the electrical system, which would be able to represent real-time phenomena at milliseconds to seconds
scale, is not needed for the type of analysis carried out in this paper; and (iii) the network parameters are known and constant
during the entire simulation horizon, which is a usual assumption made in the power flow calculations. This implies that external

conditions (such as temperature, etc.) do not affect the parameters (e.g., loads or branch resistances).

3.1 The network samples

This work considers two network samples:
o Semi-urban network, adapted from the one shown in [42], by adding time-varying loads with different profiles. For this
network only the topological PV placement has been applied [43].

e Rural network, developed in the project Atlantide [44]. For this network, both PV placement methods have been used.

The two network samples aim to represent different network topologies and allow to emulate the distribution systems in the
areas where the demo sites of the project are installed. The two demo sites are in installed in Solothurn (Switzerland) and in
Troia (Italy). In particular, the network semi-urban refers to Solothurn area, whereas the rural network refers to Troia area.

Few samples referring to daily PV profiles in different months used for the two networks are shown in Figure 5, whereas the
load profiles used are shown in Figure 6. It is worth noting that the PV profiles are different for the two network samples because
referring to two different geographic locations, and have been obtained from [45].

Moreover, during the night time the PtG plant is supplied by the main grid to guarantee the continuous operation of the plant

in compliance with its minimum power specified in Section 2.1 (i.e., P\un=20%).
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Figure 5. PV profiles considered for building the case studies. Four months have been considered (January, April, July and October): (a) semi-

urban network and (b) rural network
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3.2 Introduction of the PtG plant model into the calculation loop of the network operation

The model of the PtG explained in Section 2 needs to be integrated in the network solver, which is based on the Backward

Forward Sweep (BFS) method [46]. The response of the PtG unit is modelled as a first order system and solved through the

Matlab®-embedded solver ode45. The calculation loop is shown in Figure 7. The variables used in the calculation loop are

presented in Table 3.
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Variable initialisation and data loading:

1) Nums_stops

2) PtG data (number of PtG plants
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nodes Np.;)

3) Hy 100
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262 I
263 Figure 7. The main calculation loop of the distribution system. The function called function_PtG represents the PtG complete model.

264 Table 3. Input parameters of the main calculation loop

Inputs Description
Niime steps Number of time steps of the analysis
PG d Number of the PtG plants Ny s, their positions (indicated by the nodes contained in the set Npec)
't ata
and their sizes
- o Initial value of the matrix of dimensions {NpG piansss Niime sieps) T€Presenting the volume of H; in the tank
2, tank

Nieep steps

Network data

Load and generation profiles

RPF

ocC

ov

PG set

PPlG

in time
Number of points for running PtG model

Number of nodes N,,q.5, number of branches Ny, q,qs, line parameters, incidence matrix, rate nodal

power, lines thermal limits

Load and generation profiles for evaluating the initial value of the matrix S,?, i.¢., the net nodal power

(dimensions {Nyodes> Niime_sieps })
Matrix of dimensions {Npyanchess Niime sieps} CONtaining the value of reverse power flow at every time step

Matrix of dimensions {Npanchess Niime sieps} cONtaining the value of overcurrent for every branch during the

time span of simulation

Matrix of dimensions {Nyanches>» Niime siepsj cONtaining the value of overvoltages for every node during the

time span of simulation
Matrix of dimensions {NpG pianiss Niime sieps) cOntaining the set points of the PtG plants

Matrix of dimensions {Np.G pians> Niime steps} cONtaining the actual power that the PtG plants are able to

accept (linked to their sizes)

265 After having loaded the inputs, the algorithm runs the BFS for the first time: this is requested for defining the network
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conditions (i.e., nodal voltages and branch currents). On the basis of this, the /-th column of the matrix RPF (containing the
value of RPF at every branch the interaction #) is updated. At the same time, the A-th columns of both matrices OV and OC are
updated with the values of overvoltage and overcurrent, respectively. On the basis of the above values, a compound set point
Ppe_set[h] is produced, and is referred to the RPF and overcurrent value of the branch upstream with respect to the node of the PtG
plant, while the contribution regarding the overvoltage is linked to the overvoltage value of the node where the PtG plant has

been installed as presented in equation (6), i.e.,
PpiG_sec[h] = f(RPF[h], OV[h], OC[h]) 6)

In particular, the different set point components are set as follows:

o Component referring to the RPF: this component is equal to value of power needed for eliminating the reverse power
flow in the upstream branch with respect to the node where the PtG plant is installed.

o Component referring to the OC: this component is equal to the value of power that, absorbed from the PtG plant, would
help to reduce (at 80% of the thermal limit) the current flowing in the upstream branch with respect to the node where the
PtG plant is installed.

o Component referring to the OV: this component is equal to the value of power that, absorbed from the PtG plant, would

help to reduce (at 1.05 pu) the voltage of the node where the PtG plant is installed.

3.3 Installation and sizing of the PtG plants

The study of the impact of the PtG plants on the distribution system requires to i) choose the node where the plants are
installed and ii) their sizes. These two elements are requested by the calculation loop shown in Figure 7, and in this work have
been solved by applying the Simulated Annealing (SA) method [47]. It is worth noting that the main goal of this paper is not
introducing a new algorithm for the siting and sizing of the PtG plants; but creating meaningful case studies to get insights
regarding the impact of the PtG plants on distribution system operation. However, the step regarding the siting and sizing is
requested as preliminary task, for emulating the process that, in the future, could bring to rationally install a defined number of
MW-scale PtG plants. Few notes regarding the use of the SA in this work are reported in Appendix.

The objective functions used in the algorithm have as main variables the value of reverse power flow, overcurrent and
overvoltage of the network. In particular, the network with the installed PtG plants (denoted as X) can be affected by:

e  Only reverse power flow

e Reverse power flow and overcurrent

e Reverse power flow and overvoltage

e The combination of the last two cases

All the cases make use of a penalised objective function where the constraints of the problem are integrated within the
objective function through penalisation factors indicated with the Greek letter p. This approach allows driving the optimisation
towards solution with no constraint violations. In particular, the operational constraints are the voltages V; of the network nodes
and the currents I, flowing in the network branches, which have to remain inside the following ranges:

o V(mim SngV](m‘”), with j € ], where J denotes the set of nodes. The node voltage is usually expressed in per unit (pu) with

respect to the nominal voltage (i.e., /=1 means that the voltage value of the node j is equal to the nominal voltage of the
system). Usual values of the extremes of the range are V](mi") = 0.9 pu and V](ma") =11 pu.

o I, <Iffhm® ith b€ B, where B denotes the set of branches. The value of I§"™% is strictly depending on the
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conductors installed.
The objective function at the iteration k of the method in case of existence of the sole reverse power flow is shown in equation

(7):

max) __ yy(worst min) __ y7(worst thmax) __ j(worst)\ 2
fX) = iii (1 + va(V( )WZE )) * ZPV(V( ) (ng )) * ;Bpl(hg,;na:)g)) ) Q)

The penalised objective function at the iteration & is expressed in pu with respect to the value of the reverse power flow in the
initial configuration. The reverse power flow is evaluated here through the number of minutes in which it is present during the
entire period of analysis. The formulation penalises (through the factors py and py) all the configurations that do not respect the
operational constraints (i.e., maximum and minimum voltage, and thermal limits) of the network. Thus, the constraints of the
objective function (7) are the operational constraints of the network V{™® V{min) ang [{ma) " for node j and branch b,
respectively. For every node/branch the worst condition (e.g., the maximum current I§°™® during the day) is chosen as
representative value to force the worst condition respects the imposed constraint.

When both overcurrent and reverse power flow exist in the initial configuration, the objective function is modified as reported

in equation (8):

RPF, 0Cy V(max) V(Warst) V](mi") — V](WUT“) 2
fk(X) = (RPF ) 1+ va( V(max) ) + ZPV(W) (8)
JAS) ]

In this case, the objective function is still expressed in pu with respect to the initial configuration. The normalised sum of the
minute of overcurrent and the minute of reverse power flow during the entire day are modified according to the product of the
penalty factors and the value of the constraint violation. In this case, the constraints are the maximum and the minimum voltage
values, indicated as V{™* and V™™, respectively.

The objective function in case both overvoltage and reverse power flow exist is shown in equation (9) and differs with respect

I gth,max)

to equation (8) only for the constraints considered, i.e., related to the branch thermal limits and the minimum nodal

voltages V{™m:

RPFk OVk V(mln) V(Warst) Igth,max) _ Igworst) 2
f1(X) = (R P ) (1 + va( v ) + ;Bp,(lgm) ) ) 9)

When all the issues listed above (i.e., reverse power flow, overvoltages and overcurrents) affect the grid, then the objective

function is changed to solve them, as shown in equation (10):

_ RPF, OVk 0Cy (mm)_ (Worst)
fk(x)_(RPF oyt ) 1+va V(’"‘”) (10)

It is worth noting that in eq. (9) the constraint related to the minimum voltage value is still considered as part of the penalized
objective function, to avoid that the worst value reached by the voltages in the period under analysis V](WOT“) falls below the
minimum allowed value V{™™.

As the final comment, the above objective functions are chosen a priori according to the network issues that affect the

distribution system under analysis.
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4. Results and discussion

4.1 Annual simulation

4.1.1

Network performance indexes

15

Different PV penetrations have been assumed for the creation of the case studies. The penetration has been calculated in terms

of percentage the energy provided by the PV plants with respect to the system passive load considering the PV production in

July. In the case with 40% of PV penetration, the production in July covers 40% of the passive load. According to this, the PV

penetration in other months varies following the different PV profiles.

The considered case studies and the existing problems in the different cases are shown in Table 4 and Table 5 for the semi-

urban network and the rural network, respectively. The tables show entries different from zeros when that kind of problem exists,

and the entry indicates the magnitude of the problem. The label “Pre” in the table indicates the magnitude of the problem without

PtG installed, whereas the label “Post” refers to the condition when PtG plants have been installed. The RPF has been indicated

in MWh, whereas the OC and OV are expressed in minutes.

The values refer to annual simulations. The two tables show the number of plants installed and, only for the rural network, the

size of the plants as well. Due to the large number of plants installed in the case of semi-urban network, the sizes of the plants are

summarised in Figure 8.

Table 4. Case studies for the semi-urban network

RPF [MWh] OC [min] OV [min] Number of PtG
Case number Length [km]" PV penetration
Pre Post Pre Post Pre post plants
1 0<L <0.45 40 % 11,298 9.37 - - - - 7
2 80 % 151,920 33,654 90,616 35 - - 20
3 0.5<L<3 40 % 10,213 31.4 430,087 6,978 3,356 0 12
4 60 % 71,272 7,165 2,388,634 25,156 900,407 0 17
*The length refers to the branches of the MV semi-urban network.
20
2 P =1 MW
c_% 15+ =n
o -Pn=2 MW
Y
S 10 =P =2.5 MW
— n
() —
g -Pn—3 Mw
S S5 mP =4 MW
c
0
Case 1 Case 2 Case 3 Case4
cases
Figure 8. Number and sizes of the PtG plants installed in the semi-urban network
Table 5. Case studies for the rural network
Length” PV RPF [MWh] OC [min] OV [min] Number of PtG
Case ) Size [MW]
[km] penetration pre post pre post pre post plants
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5 Topological 0<L <09 40% 266.27 0 - - - - 1 2.5
6 80 % 19,861  1633.9 165,047 0 504 - 4 2 (all)
7 2<L<3 40 % 248.99 0.10 - - - - 1 2

2 (three plants)
8 80 % 19,206 3,337.4 - - 276,329 0 4

1.5 (one plant)
9 Loss allocation - 40 % 167.90 0 - - - - 2 2 (all)
10 80 % 20,991 1868.4 - - - - 4 2 (all)

*The length refers to the branches of the MV network

First of all, it is evident that, while in the rural network is possible to obtain cases with problems of overvoltages and reverse
power flow, in the semi-urban network is difficult to decouple overvoltage and overcurrent. This is linked with the nature of the
lines composing the networks, which are highly resistive for the rural network because mostly composed of long overhead lines.

It is worth noting that, as demonstrated through the rural network, the reverse power flow issue is not strictly linked to
overvoltage problems, but these two aspects can be decoupled through a suitable installation of PV generation (as the one
guaranteed by the procedure shown in [39]).

From the two tables it is evident that the deployment of PtG has a positive impact on alleviating the grid issues.

For the semi-urban network, in the cases in which the PV is installed at the end of lines with length L lying in the range 0<L
<0.45, the impact of PtG is indeed powerful, because both cases reveal how the reverse power flow can be strongly reduced: in
fact, in case of PV penetration equal to 40% the reduction is over 99.9% (passing from almost 11.3 GWh to 9.37 MWh), whereas
with PV penetration equal to 80% the reduction is almost 78% (passing from almost 152 GWh to 34 GWh). In the cases with PV
plants installed at the end of lines with length L lying in the range 0.5 < L < 3, the reduction of reverse power flow is stronger for
lower PV penetration (more than 99.6% with PV penetration equal to 40%), but is anyway high also with PV penetration equal
to 60% (the reverse power flow reduction reached almost 90%). Residual problems of overcurrents appear in all the cases except

Case 1.

By analysing the worst case (i.e., the one with PV penetration equal to 60%), these issues affect in total thirteen branches, and
the number of minutes in which the lines are overloaded lies between 4 to 5456 minutes, whereas the maximum overload
conditions at which they operate lies in the range between 2.24% and 13.39%, as shown in Table 6. The system operator has to
act for establishing again the proper network conditions, because the alleviation effect of the PtG deployment cannot solve

completely the overcurrent issues.

Table 6. Analysis of the overloaded lines in of semi-urban network, with 60% of PV penetration

Lines overloaded Cumulative overload period [min] Maximum overloading [%]
6 284 11.47
32 13 9.02
152 79 13.39
155 5032 9.05
156 4747 8.86
157 5456 10.10

159 2717 6.12
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161 910 17.33
165 1395 2.43
169 4382 7.62
170 123 13.10
185 4 2.24
196 14 4.78

For the rural network, in the cases in which the PV is installed at the end of lines with length L lying in the range 0<L <0.45,
the impact of PtG is again powerful, because in one case (i.e., PV penetration equal to 40%) the reverse power flow is
completely solved, whereas in the case with 80% of PV penetration the reverse power flow is strongly reduced, passing from
19.861 GWh to 1633.9 MWh (reduction of almost 92%). In the cases with PV plants installed at the end of lines with length L
lying in the range 2 < L < 3, the reduction of reverse power flow is stronger in case of lower PV penetration (almost 100% with
PV penetration equal to 40%), but is anyway high also with PV penetration equal to 80% (the reverse power flow reduction
reached almost 83%).

Finally, the case created with the rural network by using the loss allocation shows that the reverse power flow problem can be
solved in case of 40% of PV penetration, whereas a residual reverse power flow remains for the case 80% (but even in this case

the reduction is more than 90%).

4.1.2  Capacity factors

The successful use of PtG plants needs a justification in terms of plant use, i.e., a capacity factor high enough.

The capacity factor C}i) that refers to the i-th PtG unit is the ratio between the energy Ef); consumed by the i-th PtG unit
during the simulation period At and the theoretical energy that the plant would be able to absorb during the same time period if it

had consumed its nominal power; it was calculated according to equation (11):

cP = il (11)
-~ Plbi - At

where Ef); is the energy consumed during the simulated time horizon At by the i-th PtG plant, and P,(f}ztg is the nominal power
of the i-th PtG plant.

Figure 9 shows the capacity factors for the semi-urban network. It shows that in Case 1 the plants result underused, and thus
the number of plants chosen is too high. A reduction of the number of plants installed could lead to a more fruitful use of the
plants. In Case 2, only one plant results underused (i.e., having capacity factor equal to 23%), whereas the other plants are quite
well exploited.

Case 3 presents 12 plants having a capacity factor lying in the range 40%-50%, whereas the remaining plants have a capacity
factor between 50% and 60%.

Finally, Case 4 presents three plants with capacity factor lower than 40% (i.e., from 28% to 37%), whereas all the other plants
are well exploited (minimum about 51%).

From the results it is evident that the number of plants installed has a great impact and need to be carefully considered. The
analysis carried out, in any case, neglects the presence of suitable gas network points: in the reality, the presence of real

infrastructures will limit the potential nodes where PtG can be installed to a smaller number than the one considered here.
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Figure 9.Capacity factors for the different cases of semi-urban network

In the case of the rural network, the results are summarized in Table 7. With respect the previous case, the minimum capacity
factor results higher than 60% in all the cases, and reaches almost 90% in one case. The results in the table indicate also for this
case that PtG can handle very well the issues created from PV generation installed at the end of relatively long lines, by
maintaining a sufficiently high capacity factor.

Table 7. Annual capacity factors for the rural network

Case PV penetration Min capacity load [%)] Max capacity load [%]
5 40% 47.554 -
6 80% 43.47 54.96
7 40% 47.10* -
8 80% 48.50 56.0
9 40% 43.07 49.26
10 80% 45.68 50.88

A good performance index of the network is the value of the power losses, which are summarized in Table 8.
The value of the losses (in MWh and in percentage) is reduced in all the cases. This reduction is obtained thanks to the

installation of the plants that help to improve the network operation.

Table 8. Network losses for both the semi-urban network and the rural network

Case Power Losses [MWh] Power Losses [%] Case Power Losses [MWh] Power Losses [%]
pre post pre post pre post pre post

1 2122.5 2314.9 0.95 0.20 5 1,149.8 1,128.9 222 1.82

2 3445.1 2902.4 7.36 0.69 6 2040.0 1,363.1 9.34 2.38

3 3779.0 3278.7 1.71 0.28 7 1142.5 1042.1 221 1.74
4 6517.5 4082.1 4.86 0.50 8 2,683.5 1,972.0 12.29 3.82

* These cases require only one PtG plant.
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9 1263.9 1,205.9 2.42 1.77
10 20,991 1358.0 7.68 2.51
420
421 Another performance indicator is the voltage magnitude (maximum and minimum), whose values for both semi-urban and

422 rural networks are shown in Table 9. It is evident the effect of PtG to reduce the voltage at levels that are lying within the

423 admissible ranges.

424 Table 9 Minimum and Maximum voltage magnitude for both semi-urban and rural networks
Case Minimum voltage Maximum voltage Case Minimum voltage Maximum voltage [pu]
[pu] [pu] [pu]
pre pOS[ pre pOSt pre pOSt pre pOSt
1 1.00 1.00 1.04 1.03 5 0.93 0.93 1.05 1.04
2 1.00 1.00 1.06 1.05 6 0.93 0.93 1.11 1.06
3 1.00 1.00 1.11 1.09 7 0.93 0.93 1.07 1.03
4 1.00 0.93 1.15 1.04 8 0.93 0.93 1.14 1.09
9 0.93 0.92 1.05 1.01
10 0.93 0.93 1.06 1.05
425
426 4.2 Network effect
427 This section aims to highlight the role of the network infrastructure in the proper evaluation of the effect of the PtG

428 deployment.

429 In fact, some approaches existing in literature (e.g., [7]) do not consider the existence of the electrical infrastructure, but only
430 the potential unbalance between local generation and loads. However, this approach could not be proper for solving completely
431 the issue caused by the excess of RES.

432 Taking as example a particular day of Case 5, the difference between generation and loads, without taking into account the
433 network, is shown in Figure 10. The same figure also reports the actual reverse power flow existing in the network. The two

434 curves are quite similar, but the first one overestimates the actual reverse power flow value.

257
—AP = Pgen-P/oad
. 2/—Actual reverse power flow
=
S15;
g g
o
o
0.5+
0 ‘ i 1 ‘ ‘
0 6 12 18 24
435 time [h]
436 Figure 10.Comparison between the actual reverse power flow (with and without the network)
437 For the sake of clarity, the rural network schematic is shown in Figure 11.

3 The day considered has as PV profile the one shown in Figure 5b, Month July.
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Figure 11. Rural network.

The installation of plants characterised by different size at node 2 (connected to the network slack node) instead of node 83 (as
in Case 5) leads to the results shown in Table 10. The solutions show that the reverse power flow issue can be almost completely
solved by using a plant with smaller size than the one referring at Case 5. This may lead to think that the solution of Case 5 could
be not be optimal, because of the size. However, the capacity factor highlights that the installation of the plant at the node
connected to the slack bus does not guarantee a good utilisation of the potential of the plant and thus the installation node should
be carefully chosen. Furthermore, the use of the plant with the position and size of Case 5 allows improving the network
conditions, in terms of power losses and reverse power flow. This simple example aims to be an effective way to show the
importance of the network information to capture all the aspects regarding the new operation of the electrical system when new

devices are installed.

Table 10. Comparison between the network performance without PtG, with PtG installed without optimisation process and with optimisation

process (referring to a day of Case 5)

) Reverse power flow Reverse power flow Power Losses Power Losses Capacity factor
Size [MW] [MWh] [min] [MWh] [%] [%]
0 (no PtG) 2.16 151 3.08 2.29 -
0.5 1.026 143 3.09 2.24 50.81
1 0.284 139 3.096 2.20 44.21
1.5 0.062 135 3.102 2.17 36.02
2 0.025 120 3.108 2.14 30.44
2.5 0.022 110 3.114 2.11 27.03
2.5
0 0 3.00 1.85 69.22

4.3 Response of the PtG model

The PtG model provides in output the following quantities:
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e Power profile sent by the control system to the electrolyser P,

e  Power profile of the electrolyser P,

e  Power profile of the auxiliary services P, referring to i) the CO, compression system, ii) the circulation of H,O, iii) the
compression of the Hy, and iv) the water heating.

e  The hydrogen flow rate sent to the tank ¢y 1, [kmol/s]

e  The hydrogen sent to the methanation unit directly from the electrolyser ¢y 4 [kmol/s]

e  The hydrogen sent to the methanation unit from the tank after compression ¢z . memn [kmol/s]

e  The level of the hydrogen tank [%]

e The SNG produced seen as power profile [MW] or energy profile [MWh]

With reference to the same day considered in Section 4.2 of Case 5, P g, Petec and P, are shown in Figure 12. In Figure
12(a), it is evident the saturation imposed by the nominal power of the plant. Furthermore, the minimum power required by the
AEC is different from zero and has to be provided by the main network. Figure 12(b), instead, shows the power related to the
auxiliary services. Three zones with different auxiliary service power exist, and each of them is characterized by different
contributions, as highlighted in Figure 13. More specifically, during the night no excess of electrical power is available for the
PtG plant; therefore, it operates at the minimum power load corresponding to 20 % of the nominal installed power. As illustrated
in Figure 13(a) auxiliary consumptions are principally due to the CO, compression, while water pumping and H, compression
are marginal contributions. Subsequently, in the first part of the day (between 6 h and 11 h) the electrical availability increases,
and the electrolyser could work in its whole operative range (from 20% to 100%); thus, it produces a large amount of H,, which
is mainly stored in the tank until it is completely full. Hence, H, compression represents 96% of all auxiliary consumptions, as
shown in Figure 13(b). At the same time, the methanation unit operates at the minimum power load for allowing the tank to be
filled, in fact, the CO, compression represents 3% of the auxiliary consumptions even though it is the minimum power
consumption for compressing CO,. Lastly, in the second part of the day (between 11 h and 18 h), both the electrolyser and the
methanation unit work in their whole operational range and the H, tank is entirely full. More in detail, as depicted in Figure
13(c), H, has not to be compressed and the CO, compression cost increases as the CO, flow rises (H, and CO, are fed in
stoichiometric ratio to the methanation unit). Furthermore, all these aspects of the process are clearly illustrated in Figure 14. As
shown in Figure 14 (a and b), the H, tank is filled during the first hours of the day, when there is a large excess of electrical
energy availability. Subsequently, both the electrolyser and the methanation unit operate for producing SNG, as depicted in
Figure 14 (b and ¢). In this case study (Case 5), the alkaline electrolyser absorbs 28 MWh of electricity, which is converted into
237.4 kmol of H, (15.8 MWh, LHV basis). Initially, the produced H, is partially stored in the tank (50.9 kmol) until it is
completely full; subsequently, the H, flow is sent to the methanation unit for producing SNG (10.4 MWh, LHV basis). In this
case study, the auxiliaries require 0.21 MWh of electrical energy during the whole day. It is worth noting that the tank is not
discharged, because the minimum operative power set for the electrolyser was assumed to be 20% (as specified in Section 2),
which is equal to the minimum flow required by the methanation unit. However, the model includes also the storage system,

which can intervene if a different control is applied.
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Figure 12. Electrical quantities provided by the PtG model: (a) input power profiles and (b) power profile of the auxiliary services.
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Figure 13.Composition of the auxiliary services in the different periods of the day.
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Figure 14. (a) H, tank filling, (b) H>; molar flow rates and (c) SNG productivity of the PtG plant.

5. Conclusions

This paper has presented a detailed study regarding the impact of PtG technology on the electrical distribution system. The
study takes into account both electrical aspects and information related to the process chain leading to the SNG production.

Thanks to the physical model of the PtG plant, the evaluation of the values of its internal variables (e.g., hydrogen flows) can
be checked, and this allows acting on the downstream portion of the plant, i.e., methanation plant and hydrogen buffer.

Furthermore, the request of energy to supply the auxiliary services can be successfully evaluated. It is worth noting that the
plant layout can be changed, both in terms of control and in terms of components adopted.

From the electrical point of view, this paper shows that the evaluation of the impact of PtG plants on the distribution system
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has to consider the /ocal network conditions, because different network samples lead to different problem to be solved. The
knowledge of the type of network where the plants will be installed is thus fundamental, and has been presented here by
considering two network samples.

Furthermore, the level of RES penetration is another important aspect to be taken into account, due to the different network
issues introduced. From the paper results it was evident the difference between alert and emergency network operation, which
linked to different variables (reverse power flow and network constraints, respectively).

For the semi-urban network, the number and the sizes of the PtG plants are higher than the ones used for the rural network,
due to the higher number of nodes and higher load. The results obtained are significantly good, with a reduction of the reverse
power flow energy falling in the range 78-100%, with better performances for lower PV penetration. Furthermore, in all the
cases the installation of PtG plants has reduced the network losses of the network and no undervoltage problems have been found
during the year, even with scarce solar radiation (i.e., in winter months).

By considering the rural network, the case 0< L < 0.9 km sees a reduction of the reverse power flow energy falling in the range
92-100%, whereas in the case 2 < L < 3 km the reduction lies in the range 83-100%. In all cases, the installation of PtG is also
able to alleviate the problems due to violations of constraints if PtG is absent, by reaching the complete elimination of these
violations for the lower PV penetrations.

The load factor of the plants provides information on how much a PtG plant is used: these values strongly depend on the
network conditions (correlated to the PV penetration value), as well as on the positioning of the PtG and on the size. The values
of capacity factors are higher for the rural network than for the semi-urban network: in fact, the minimum capacity factor values
for the rural network fall around 50%, whereas for the rural network the minimum capacity factors fall down to 21%. This
suggests that the installation of PtG plants at the level of distribution system has to be made by considering the local
characteristics of the network.

All the performances of the plants have been obtained by considering the network effect, and has been shown with an effective
evidence that neglecting its presence can lead to wrong results (e.g., lower capacity factor or slight over-estimation of the reverse
power flow).

In conclusion, it can be said that the addition of PtG systems in a distribution network can stabilise the network even for very
high (even extreme) renewable energy penetrations, thus increasing the ability of a network to host higher penetration of
intermittent generation. The deployment of the plants in the real network needs to be considered the presence of a proper gas
network, to be fed with the renewable synthetic gas that, having the same characteristics of the natural gas, opens new

perspectives to decarbonise the entire energy system.
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Appendix

The Simulated Annealing (SA) algorithm is composed of an external loop (shown in Figure 15a) and an internal loop (shown

in Figure 15b).

from
‘_ external loop ,'

e

Xibestl=X(m-1), flbestiz(m-1)
Na, Ne, k=1, t=1

Yes @

lNo

Choose randomly the positions
and the size of PtG plants -> X(K)

!

Run power flow, incorporating the
PtG model

Calculating the obj. function

FR(XK)

k) <ﬂbest)
m=m+1 |

Yes

Initial Cenfig X!

t=t+1

Internal Loop

| Xlbest) = X0, fibest) = 9 |

(a) (b)

Figure 15. The external loop (a) and the internal loop (b) of the SA used for siting and sizing.

The external cycle depends on a control parameter called C, whose initial value is named C,. For every iteration m > 0 of the

external cycle, the control parameter is updated with a certain velocity described by the cooling rate, i.e.:

Cn=a Cm_1 (12)

The stop criterion of the external cycle is based on the persistence of the solution found so far: once the solution found persists
(or the changes are below a certain threshold) for at least N successive iterations, the external cycle stops®
At each iteration of the external cycle, the internal cycle is run. For every iteration m of the external cycle, the inputs of the

internal cycle are:

¢ This kind of stop criterion is typical of many heuristics existing in the literature and avoids fixing a priori the limit number of iterations, but only the number
of iterations in which the same solution persists.
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o Initial configuration X and its objective function f®?: it refers to the best configuration found so far (the solution
provided as output at the iteration m-1)
e Value of the control parameter C,
o Number of solutions to be analysed N,
e Number of solutions to be accepted N¢
The last two inputs are necessary for the stopping criterion of the internal cycle, which is structured as follows: the internal
cycle stops when either N¢ or N, are reached. The first condition is usually reached with high C,, (i.e., when many new solutions
are accepted), whereas the second condition is usually reached with low C, (i.e., when the number of accepted solutions
decreases, up to the final internal cycles before stopping, in which there is no acceptance of new solutions). In addition, the seed

for random number extractions is fixed before starting the iterative process, to enable repeatability of the results obtained.
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