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Abstract

Energy storage is increasingly required in order to cope with the fluctuations of renewable energy sources,
especially in power generation. In many countries, the electric market is undergoing regulatory transformations
that aim at increasing the type and number of technologies that can provide grid services, either alone or as
virtual aggregates. In this context, this work investigates the economic profitability of Secondary Frequency
Reserve (SFR) provision to the electric grid through integrated generation-and-storage systems. In particular,
the case of Italy is assessed, where recent projects opened the Ancillary Service Market (ASM) to relevant
generation units or aggregates of units, including programmable and non-programmable renewable sources,
consumption units, and energy storage systems. The operation of a hydrogen-based Power-to-Power (P2P)
system, designed to supply an electric load with locally generated electricity from a solar PV field, is studied
when acting on both the Day-Ahead Market (DAM) and the ASM. A mixed-integer linear optimization
problem is set up that minimizes the annual average cost of electricity to the load. The analysis considers a
broad range of options in terms of electricity prices on the DAM and price-quantity combinations of accepted
offers on the ASM. Results show that the economic advantages deriving from the utilization of P2P systems
increase with more fluctuating prices. The provision of SFR services with an optimal bidding strategy and
asymmetric bids allows to reduce the average cost of electricity up to about 15% with respect to the operation
on the DAM only.
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Highlights

e A cost optimization model of a PV + hydrogen-based P2P system was developed.
e The P2P system can trade electricity for secondary frequency reserve provision.

e Secondary frequency reserve provision can decrease the total annual cost.

e The adoption of a smart bidding strategy and asymmetric bids is suggested.



1. Introduction

Renewable energy is at the core of European Union priorities since the decarbonization of the power sector
plays a crucial role in reaching the greenhouse gas (GHG) emission reduction targets set by most countries
after the Paris Agreement [1],[2]. In this framework, the European Green Deal and the European Climate Law
[3] have recently tightened the already ambitious targets on the share of energy consumption from Renewable
Energy Sources (RES) set in 2019 [4], [5]. They have introduced a GHG emission reduction target of 55%
with respect to 1990 within 2030, and a zero net GHG emission target within 2050. The Renewable Energy
Directive has also proposed to increase the overall binding target to 40% RES in the EU energy mix in 2030.

In Italy, in order to comply with the European Green Deal objectives, an ambitious national energy and climate
plan (“Piano Nazionale Integrato Energia e Clima”, PNIEC) [6] was adopted in December 2019. The plan set
the national 2030 targets, such as a 30% share of RES in the final gross energy consumption. These targets are
now under revision to meet the latest EU updates, such as a faster RES penetration in power generation and
the full decarbonization by 2050.

Anyhow, the transition to RES has started and the techno-economic conditions are favorable to the growth.
Analyzing the last decade, 65% of the electric demand growth has been met by RES worldwide, showing
rapid expansion of solar photovoltaic (PV) and wind, whose deployment has increased fivefold [7], [8]. The
greater diffusion has also allowed these technologies to reach high cost-effectiveness and to improve
performances [9].

In Italy, the net increase in power generation from RES, mostly due to PV and wind installations, led to a 43%
renewable generation share in the electricity production mix in 2020. The adoption of these renewable-based
technologies have expanded the variability of the production mix and decreased the dependence on fossil fuels
[10].

In general, most of the RES penetration growth is due to PV and wind plants, whose generation relies on the
availability of solar irradiation and wind, respectively. These plants are therefore called ‘non dispatchable’,
because they are not always available to operate and their power output can be predicted but not controlled.
These features bring to different issues for the power grid: stability issues, demand-supply balancing problems,
and adequacy issues. Additionally, the modularity of these systems and the resulting ability of reaching good
efficiency regardless of the size favor the diffusion of distributed generation systems. It follows that the
electricity transit in the transmission and distribution grids becomes unpredictable both in quantity and
direction, increasing the abovementioned issues at local level.

Thus, concerning the power sector, the transition toward a fully renewable generation is not trivial [11]-[14].
It is therefore important to assess the impact of a higher RES penetration and to increase the reliability and
security of the power grid. On the one hand, the impact of distributed power generation on the electric grid can
be reduced with local exploitation of available resources. Electrical energy storage systems are therefore
essential to increase the local utilization, absorbing the generation peaks that cannot be managed by the grid,
thus avoiding energy curtailment. On the other hand, the flexibility of the grid has to be increased, to cover the
variability in the net load and to face unbalances with rapid variations in generation or consumption. To meet
this goal, besides the use of traditional flexible resources such as gas turbines and pumped hydro, an important
role will be played by energy storage systems, interconnections with adjacent power grids for trading, and
Demand Side Management (DSM) [15]-[19]. On the economic side, the regulatory framework must allow
new services and business models. New electricity market rules have been introduced with the Clean Energy
for All European package [5], enabling prosumers (i.e., both producers and consumers) to participate actively
in the energy market with Demand Response schemes and infrastructures.

In this context, many studies have focused the attention on the operation of energy hubs including renewable
generators and energy storage. For instance, the design of energy hubs including energy storage systems and
power-to-gas technologies, integrating demand response programs, is analyzed in [20], while the operation of
energy hubs with storage systems, solar, wind, and biomass units, and connected to demand response



aggregators is studied in [21]. Conversely, the participation to the reserve market and the provision of ancillary
services with an electric-vehicle parking lot with solar rooftop is investigated in [22].

In this framework, hydrogen technologies (namely, electrolyzers and fuel cell systems) are able to manage fast
load changes, thanks to the fast response of the modules, especially when considering low-temperature
technologies. They can therefore be used in load-following applications, coupled with RES or for the provision
of services to the grid. Additionally, in the Power-to-Power (P2P) configuration - coupling an electrolyzer, a
hydrogen storage unit and a Fuel Cell (FC) system - they are able to store large amounts of energy for a long
time. In this case, the electrolyzer can be used to generate green hydrogen using renewable electricity; the
hydrogen can be stored and converted back into electricity with a fuel cell when required. P2P systems have
the advantage of being a storage technology which decouples the power capacity (related to the size of the
electrolysis and FC units) and the energy capacity (related to the hydrogen storage type and specifications).
On the other hand, the hydrogen-based storage faces relatively low round-trip conversion efficiency and
volumetric storage densities, requiring investigating the proper application considering unit sizing, technical
performance, and economic revenue. The possibility of extending the system use to different services and
products (e.g., hydrogen export) can positively impact on the global performance [23].

In this work, P2P systems based on flexible low-temperature electrolyzers (e.g., polymeric membrane or
alkaline types) and FC systems are identified as energy storage and flexibility providers to the grid. A techno-
economic optimization model is applied to a P2P system integrated with a PV field and possibly associated
with an electric load, with the aim of optimizing the annual operation of the integrated system by taking into
account the interaction with the day-ahead market (DAM) and the provision of Secondary Frequency Reserve
(SFR) services on the ancillary service market (ASM). The final goal is to evaluate how the additional income
derived from the provision of grid services impacts on the economic profitability and competitiveness of the
integrated system, in comparison with a simple application of P2P as a renewable energy storage system.

Indeed, the provision of SFR services to the electric grid is usually addressed as a favorable revenue addition
to improve system economics for a hydrogen-based P2P connected to renewable generation and to a local load,
but numerical quantifications are rare. Anyway, a methodology able to quantify this impact is missing in the
literature and only qualitative remarks are presented. This work presents a novel approach to quantify the
impact of bidding on the ASM and applies it to a case study.

The economic optimization model is described in section Methods and applied for the assessment of a specific
case study, as identified in section Case study definition, which also provides the technical and economic input
data. Results of the simulations, minimizing the average Cost of Electricity (COE) supplied to the load, are
reported in section System operation without participation to the ASM and in section System operation with
SFR services provision, considering the exclusive participation in the DAM and the additional participation in
the ASM, respectively.

2. Methods

In this section, the analyzed system is described, defining the plant layout and its interaction with the electrical
grid. The economic optimization model is then described.

2.1. System description

In the investigated system configuration, an electric load with a given power demand profile is supplied via a
combination of local PV generation and grid electricity, with the aid of a hydrogen-based P2P energy storage
system to deal with generation-consumption mismatch and fluctuation over time of the sale and purchase
electricity prices. The system layout is shown in Figure 1. The integrated PV-P2P system sizing has been
studied in [23]. The solar plant consists of the PV panels field and the inverter. The P2P system comprises an
electrolysis system (EL), a pressurized hydrogen storage system made of metallic tanks, and a fuel cell (FC).



Both the electrolysis and the fuel cell stacks are based on low-temperature polymer electrolyte membrane
(PEM) cells, because of fast response and good load-following performances.
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Figure 1 - Schematic of the system components and energy flows in the proposed hydrogen-based P2P system.

The aim of the P2P system is to decouple energy generation and consumption. This is necessary to guarantee
the supply of self-generated energy at night-time, favoring the load independence from the grid. The same
reasoning can be done on a seasonal timescale, since in many mid-latitude countries the PV generation is
largely higher during summer than during winter (e.g., in Italy the monthly generation during winter is nearly
three times smaller than in summer [24]). Additionally, generation-supply decoupling allows to store the
PV-generated energy when the sale price is low and sell it when the sale price is higher, exploiting the
economic advantages of price arbitrage. Finally, the stored energy and/or the capacity of storing additional
energy can be used to provide ancillary services to the grid, by varying in real time the amount of energy
exchanged with the grid while guaranteeing a continuous supply to the load.

Figure 1 also shows the energy flows between the main plant subsystems, in the form of hydrogen or electrical
energy (referred to AC active power). The load can be supplied with both renewable energy (directly from the
PV or indirectly through the P2P system) and electricity from the grid (directly or indirectly through the P2P
system). The entire system (PV + P2P + LOAD) can inject electricity into the grid from the PV field or the FC
system and can withdraw electricity from the grid to supply the load and/or the electrolyzer.

The energy flows that the system exchanges with the electric grid depend on the results of the energy trading
sessions. A first injection/withdrawal plan is determined at the closure of the day-ahead market (DAM), but
the final plan is identified after the closure of the ancillary services market (ASM), where secondary frequency
reserves are exchanged.

2.2. Electricity market

Although the model is realized following a generic approach, the Italian electricity market and the Italian
regulation are taken as reference for pricing schemes and market sessions.

In the Italian electricity market, the DAM (named “Mercato del Giorno Prima”) is an auction market, where
participants trade hourly electricity quantities for the next day by submitting bids in which they specify the
quantity and the minimum/maximum prices at which they are willing to sell/purchase. After the closure of each
market session, bids are ordered according to a merit-order criterion of increasing/decreasing prices. The
intersection of demand and supply curves defines the actual price (marginal clearing price) for each time slot and
all the generation (consumption) units that bid a lower (higher) price are scheduled to generate (consume). The



solution of the market balance takes into account also the transmission capacity limits between different zones of
the electric grid (bidding zones), which are defined by the Transmission System Operator (TSO) according to the
n-1 security principle, generating different prices (zonal prices) if they are saturated. Zonal prices are applied
for the remuneration of the generating units, whereas the accepted demand bids are conversely remunerated at
the national single price (“Prezzo Unico Nazionale”, PUN), equal to the average of the zonal prices weighted on
the quantities.

In addition to the DAM, the Italian electricity market consist of the Intraday Market (IM) and the Ancillary
Service Market. As the DAM, the IM is an auction market where hourly energy blocks are traded to modify the
preliminary schedules defined at DAM closure. Conversely, the ASM is the market where Terna, the Italian
Transmission System Operator (TSO), procures resources for the management and control of the system, such
as frequency regulation, control of congestions, voltage regulation, etc.

The Italian ASM consists of a scheduling stage (named “Mercato dei Servizi di Dispacciamento (MSD)
ex-ante”) and the Balancing Market (“Mercato del Bilanciamento”, MB), each of them composed of multiple
sessions. On the MSD ex-ante, the TSO accepts purchase and sale offers to solve residual congestions on the
network and establish adequate reserve margins. On the MB, which is open throughout the same day of
operation, Terna accepts purchase and sale offers to perform the secondary regulation service and to maintain
the balance between electricity injection and withdrawal in real time [25]. In both MSD ex-ante and the MB,
bids are remunerated with a pay-as-bid mechanism, i.e., at the offered price.

According to a pilot project set up at the end of 2020 [26], [27], beside selling electricity on the DAM,
hydrogen-based P2P systems can participate to the ancillary service market to provide SFR services. Indeed,
the project allows relevant generation units (i.e., conventional power plants with a nominal power above
10 MW,) or virtual units (i.e., aggregates of different plants and technologies, including programmable and
non-programmable renewable sources, consumptions units and energy storage systems, installed within a
specified geographic area) with a total power above 10 MW, to submit a qualification request for SFR service
provision. The virtual units (“Unita Virtuali Abilitate Miste”, UVAM) were already enabled to provide
congestion resolution during programming, tertiary reserves, and balancing reserves within a 2019 pilot project
[28].

The secondary reserve is classified as upward, meaning that additional power is injected into the grid, or
downward, meaning that additional electricity is withdrawn from the grid. Within the mentioned 2020 project,
the minimum power range that must be offered is 1 MW for both operation directions. Hence, the qualified
units present hourly bids between 1 MW and the qualified maximum half-band, in each four-hour block market
session[29]. Bids can be symmetric (i.e., the two quantity-price pairs for purchase and sale have identical
quantities, as required to traditionally enabled units) or asymmetric (i.e., purchase and sale quantities are
different). At the closure of each market section, offers are accepted or rejected on the basis of the bid prices.
For accepted offers, the service has to be activated within 200 s after the signal reception (further constrained
to 100 s in Sardinia and Sicily when the zone is disconnected from the national grid) and has to be delivered
without time limits [30]. An exception to the time limit is the declaration of the unit as “limited energy”, such
as electrochemical batteries, for which a time limit is given. For the selected units, the regulation is automatic
through a control signal, namely the Level Signal (LS, “Segnale di livello” in Italian) generated by a centralized
automatic device (namely “Regolatore di rete”), given the frequency variation and the deviation from the
program of the power exchanges between different areas. The control signal, sent every two seconds by the
TSO to all the participating units, indicates the fraction of the accepted power ranges (upward plus downwards)
to be provided in each time interval. The remuneration is energy-based only, meaning that no remuneration is
provided for the offered power, but only the electricity exchanged is real time is remunerated at the offered
price.



2.3. Optimization model

While a techno-economic optimization of the system constrained to supply different shares of a load with
self-generation from PV has been investigated in [23], this work investigates the impact of energy arbitrage
and of ancillary service provision on the optimal operating cost, by optimizing the energy flows between the
system components. It has to be noticed that the model here described is general and can consider different
P2P layouts (i.e., including or excluding some components or output flows) and operational strategies (i.e.,
priority to electric load or to hydrogen demand). The solution presented in this work considers the repurposing
of an existing plant to different operation strategies that include ASM bidding.

The model simulates the actual energy flows between the system components and optimizes them with the
goal of minimizing the total operational annual cost. The optimization is solved as a mixed-integer linear
programming (MILP) optimization problem. The model is coded as a cost optimization algorithm,
implemented in Matlab® through the Yalmip libraries and solved adopting the Gurobi™ solver. The model
relies on the structure developed in [23], which is here modified and improved in order to include the possibility
of providing ancillary services to the grid.

The model simulates the operation of the system over one entire year with hourly time resolution, reflecting
the electricity market structure with hourly bid sections. For each time interval, equations describing the
behavior of each component in the system are solved, thus identifying the energy flows entering and exiting
each component, in two different conditions: (i) after the DAM closure and (ii) in real time (when the system
provides SFR).

In the following, the equations implemented in the model are detailed. The energy flow exchanged between
two components (X and Y) is indicated as Ef,,y .. The superscript ¢ represents the timestep. Subscript k can
assume different values: r if the energy flow is that exchanged in real time, DAM if the energy flow refers to
the DAM schedule, maxUP or maxDOWN if the energy flow refers to the ancillary service requirements, as
explained in the following.

It has to be highlighted that all equations reported in the following refer to the overall energy balances, while
the model keeps track of the source of each energy flow, distinguishing between energy that originated from
local PV generation and energy that relied on grid purchase. Further details on how this is implemented in the
model can be found in [23].

2.3.1. Real time operation

The main equations (Egs. (1)-(7)) describe the energy balances on each system component:

EIgV,r = PPV,installed. PV;rofile vt (1)
Efvr = Ebvtoroan + Ebveosri + Ebveocripk vt 2
Eforoapr = Ebveoroan + Efctoroank + Eériptoroan i vt 3
Elflz,prod,k = (ElthoEL,k + EéRIDtoEL,k - Ectomp,k) "NEL vt (4)
Efcx = Efctoroap + Efctocripx = Efyconsi Mrc vt )
Egomp,k = E‘I%ZILIP—IT/ZC:J( "Weomp vt (6)

t+1 _ it . t t
EHz,tank,r - EHz,tank,r (1 - Etank) + EHzprod,r - EHzcons,r vt (7)



When solved for k=r, these equations represent the real time balances. The electricity generated by the PV
field in each time step is computed according to the availability of sun irradiation (Eq. (1)), which is represented
via a power generation time series with values relative to the installed peak power (PVp,., File (t), expressed in
kWhe/kW,). Please, note that the energy flow from the PV (Ef, ,) and the energy flow to the load (Ef,.0ap.)
have always r as subscript, since they are independent of the operating strategy, but they depend only on the
available solar energy and on the load demand, respectively. The generated electricity is supplied to the load
or to the electrolyzer, or injected into the electric grid (Eq. (2)). The load demand has to be satisfied at any
time step, with electricity from the PV, the FC, or the grid (Eq. (3)). The electrolyzer produces hydrogen by
absorbing electricity from either the PV or the electric grid (Eq. (4)), while the FC uses the stored hydrogen to
generate electricity that either supplies the load or is injected into the electric grid (Eq. (5)). In order to keep
the linearity and limit the model complexity, the EL and the FC are modelled assuming constant efficiency
values (see Egs. (4)-(5)). This assumption is also supported by the typical higher efficiencies achieved at partial
load [31], [32], down to the minimum load. The hydrogen content in the H, tanks is accounted for in terms of
stored energy (Egs. (7)) and storing energy in excess of the needs is discouraged by the possibility of self-
discharge processes, which is represented by a self-discharge factor (&,4,x). Although pressurized hydrogen
tanks are typically not subject to leakage nor self-discharge, this approach is implemented for numerical
purposes and the very low value of the self-discharge factor makes this of negligible impact on the results. The
consumption of the compressor, which is required to pressurize hydrogen from the electrolyzer operating
condition up to the hydrogen tank pressure, is taken into account by Eq. (6), where wg,,,;, is the specific
consumption of a three-stage intercooled compressor, with constant compression ratio on each stage and
constant efficiency (resulting in about 4 MJ/kgn, when hydrogen is compressed from 30 bar to 200 bar).

The maximum energy flows that each component X can exchange with the others is limited by the component
capacities (Qy), as shown in Egs. (8)-(10). The component capacities are a fixed input to the model (see Table
3 in section “Input Data”). The electrolyzer and the FC must also comply with a minimum load constraint,
which is represented by g, and g, respectively. These constraints are expressed by Egs. (8) and (9), where
AgrL and Agc are the binary variables representing the operational state of the components (1 when the
component is on, 0 when the component is off) and At is equal to 1 hour. Other binary variables are needed to
track the start-up/shut-down of the devices. With regards to the H, tanks, a non-negative annual balance is
imposed (Eq. (11)), guaranteeing that the stored amount at the end of the simulated period is equal to (or greater
than, a tolerance of +5% is allowed for numerical reasons) the stored amount at the beginning of the period,
thus allowing to repeat the behavior identically in the following year and guaranteeing a multi-year operation
of the plant. As for the energy balance equations, when the subscript & is equal to 7, the equations (8)-(11)
represent real time values.

t

EéRIDtoEL,k - Ecomp,k ¢ vt 8
< Ag QgL ®)

AE‘L QgL QpL <

At
EE'CCOLOAD k + EIE:CCOGRID k
Ak Spc * Qpe < i < Afc " Qrc vt ©)
Elflz,tank,r < Qtank vt (10)
tend t
EHZT,ltank,r 2 EHszt,?t;fnk,r vt (1 1)

The energy flows exchanged in real time between the components depend on DAM outcomes and on the
changes in the energy flows made in real time to comply with secondary reserve provision. Egs. (12)-(15)
represent the relations between the planned energy flows (subscript DAM), the actual energy flows (subscript
r), and, by difference, the actual upward or downward contributions for secondary services (Efp,, and
Efown xr» Where X identifies the component). It has to be highlighted that the energy flows injected into the
grid (Egs. (12)-(13)) must increase with respect to the program resulting from DAM in order to provide upward
secondary services, and to decrease to provide downward secondary services. On the contrary, the energy



flows withdrawn from the grid (Egs. (14)-(15)) must decrease with respect to the DAM program to provide
upward secondary services, and to increase to provide downward secondary services.

t _ gt t t
Erctocriny = Erctocrip,nam + Evprcr — Epown re,r vt (12)
Et — Ef + Et — Et Vvt 13

PVtoGRID,r — EPVtoGRID,DAM UP,PV,r DOWN,PV,r (13)
E¢ = EL — E} + E§ vt 14
GRIDtoELr — LGRIDtoEL,DAM UP,EL,r DOWN,EL,r (14)
Et = Et —Et + Et vt 15
GRIDtoLOAD,r — EGRIDtoLOAD,DAM UP,LOAD,r DOWN,LOAD, T (15)
2.3.2. DAM schedule

Egs. (2)-(6) are solved also with k=DAM, representing the planned electricity flows to/from the grid at DAM
closure, before ancillary services are taken into account. In fact, to determine the energy that each component
can provide for secondary reserve provision, it is necessary to know the operating state of each component.
Indeed, a component can increase its electricity generation/consumption in real time to provide ancillary
services only if it is working below its nominal capacity. At the same time, it can decrease its
generation/consumption only if it is working above its minimum capacity. Thus, the maximum power ranges
that can be offered in each market session depend on the operating status of each system component, as defined
at DAM closure.

2.3.3. Constraints for feasibility of ASM bids

Egs. (2)-(6) and Egs. (8)-(9) are solved for the subscript £ equal to maxUP and maxDOWN, representing the
two extreme cases in which the availability of the regulation ranges must be guaranteed, because they constrain
the real-time system operation. In fact, since the real-time energy flows are unknown at bidding time, the
submitted bid has to be able to comply with the two abovementioned extreme cases, i.e., if the entire offered
power ranges have to be fully provided for the entire period the bid refers to.

Eftov maxup 04 Efioy maxpown are the energy flows in the two extreme cases of full bid acceptance, defined as
in Egs. (16)-(23). They relate to the DAM energy flows (E%;,y pan) according to the bid power ranges (Pjp x or
Pfown x)- Please note that these constraints refer only to the flows to/from the grid, whereas the compliance
with Eq. (2)-(6) and Egs. (8)-(9) guarantees the internal system balances.

Efctocripmaxup = Efctocrip,pam + Piprc * At vt (16)
Efvtocripmaxup = Ebveocrip,pam + Pippy At vt (17)
Eériptorrmaxup = EGriptorr,pam — Pip g At vt (18)
EériptoLoap,maxupr = Eériptoroap,pam = Pipoap * At vt (19)
Efctocripmaxpown = Efctocrip,pam — Phown rc " At vt (20)
Ebvtocripmaxpown = Ebveocrin,pam — Phown,pv * At vt (21)
E¢riptosr,maxpown = Eériptorr,pam + Phown,ss At vt (22)

¢ _ ot ¢ .
E¢riptoLoapmaxpown = E¢riptoroap,pam + Poown,oap ~ 4t vt (23)



Additionally, another constraint is the stored hydrogen availability at the beginning of each ASM session (label
‘MS”), to allow increasing or decreasing its consumption. Hence, the H, content balance equation is solved
separately for each market session, which spans from time tys stqr¢ t0 time €y ong, as described by Eqs. (24)
and (25).

tMSs.end tMs,end vV MS
tMsstart

E EHZ cons,maxUP = EHZ tank,r < Qtank — EHZ prod,maxUP (24)
tMsstart tMs,start
tMSs,end tMs,end vV MS

tMsstart

E EH2 cons,maxDOWN S EH2 tank,r < Qtank — EHZ prod,maxDOWN (25)

tMsstart tMs,start

2.3.4. Market and grid constraints

The total amount of electricity exchanged by the system for SFR (Ef, or Efoyy ) is the sum of those from
the four components connected to the grid (PV, FC, EL, LOAD). This total flow is a function of the power
range accepted on the ASM (Pfp ¢ OF Phown acc) and of the fraction of this power asked for real time balancing
(Perclp or Perchown), as shown in Egs. (26)-(27).

Efprer + Eippvr + Ebp ey + Etproanr = Ebpr = Phpacc - Perchp - At vt (26)

t t t t _ ot _ pt . t .
Epown rcr + Epownevr + Epowngrr + Epown,coanr = Epownr = Ppown,ace - Percpown - At vt (27)

In Italy, the SFR provision is controlled by the TSO by means of a level signal (“Segnale di livello”), varying
between 0% (full downward regulation) and 100% (full upward regulation), with 50% being no SFR
regulation, hence operation in line with DAM schedule. The level signal is continuously updated to each plant
every few seconds. In each time interval of the model, the fraction of the upward or downward accepted power
range, that has to be separately provided (Perclp or Perchoyy in Egs. (26)-(27)), is computed as a 0-100 value
from the average value of the level signal in that same time interval. So, in the same hour, Percfp and Perchowy
can be both nonzero, if the level signal coming from the TSO stays for some time above 50% and for some
time below 50%, given the actual discretization of the signal.

These level signals are related with the accepted power ranges, which are calculated on the basis of the bids
and of the market prices. On the ASM, each plant offers bids for upward and downward SFR according to its
technical possibilities and economic strategy. In the Italian case, the minimum power range that a system is
allowed to bid is equal to 1 MW. Then, the market operator selects the needed quantities according to local
grid issues and best prices of the offers to manage the issue.

The model evaluates and quantifies the acceptance of SFR bids of the studied plant on the basis of historical
market outcomes. Within the offered quantities (Pp ;4 and Phoyn 5ia)> the power ranges accepted in each time
interval (Pfp acc and Phown acc) depend on the submitted bid price and on the SFR price on the ASM. The bid
is cumulative for the entire system and must comply with the power ranges that each system component can
provide.

Upward bids are fully accepted when upward reserves are needed and the bid price is lower than the maximum
sale price accepted. Otherwise, Pjp 4. is equal to zero. Downward bids are fully accepted when downward
reserves are needed and the bid price is higher than the minimum purchase price accepted. Otherwise,
Pfown ace 18 equal to zero. For these assessments, the model implements historical time series of accepted prices
and needed reserves on the actual ASM.

The model includes the possibility to impose that upward and downward accepted power ranges have to be
symmetric, as an alternative market scenario.



The interaction between the system and the grid is defined as a cumulative value (see Egs. (26)-(27)). To assign
the contribution of each component connected to the grid (Pfp 4ccx O Phown acex» Where X are PV, EL, FC,
LOAD) to the total energy flows for regulation (P}p 4. and Pjp 4..), the constraints in Egs. (28)-(31) are
introduced. The electricity flow that each component actually exchanges with the grid for SFR (Efpx, or
Efown xr) is constrained to be smaller than or equal to the corresponding accepted bid power range (Pfp gcc x
O Pown acex) multiplied by the time step.

Plth,acc = PlgP,acc,FC + PlgP,acc,PV + PlgP,acc,EL + PlgP,acc,LOAD YVt (28)
Phown,acc = Pbown,ace.rc + Phown.acepv + Phown,ace,er + Phown,ace,104p vt (29)
Efpxr < Pipaccx " At vt (30)
Ebownx < Phown,acex " At vt (31)

2.3.4. Objective function

Under the constraints in sections 2.3.1, 2.3.2 and 2.3.3, the optimization algorithm minimizes the total annual
cost (TAC) according to Eq. (32):

TAC = Zx ((qu,annual,X + OPEXX) : QX) + Zt ((ZXE(‘;RIDH)X,DAM) ’ Céurch,DAM)
- Zt <<ZXE)§toGR1D,DAM) ) Cstaze,DAM> + Zt(ELthN,r' CDtOWN) - Zt(Elth,r' CltJP)

where X represents a system component. TAC includes the annual share of investment costs including
subcomponent replacements (Ieg annualx) @s well as operation and maintenance expenditure (OPEXy) of the

(32)

plant components, both linearly dependent on the installed capacities. The annual share of capital cost is
computed as in [23]. The other terms in Eq. (32) represent the cash flows on the DAM and on the ASM.

When a load with an assigned profile is connected to the system, the minimization of TAC coincides with the
minimization of the annual average cost of electricity (COE.y,) provided to the load (Eq. (33)).

COBwsy =TAC/ ) Eloions (33)

2.4. Case selection procedure

The developed model can be used for the analysis of different application cases, considering different operation
profiles of the load, market structures and bid strategies. To take into account all available options, a procedure
is created that guides the choices required to define a simulation case, as schematized in Figure 2. Despite the
general formulation of the proposed model is able to cover all the combinations, in the following sections, for
clarity, only the results of the most significant cases are detailed as case studies.



LOCAL LOAD ANCILLARY ELECTRICITY ELECTRICITY SALE
(uninterruptible) SERVICE PURCHASE PRICES PRICES

Constant None

ToU Fixed price
Variable SFR

None TFR PUN Zonal

BID STRATEGY CONSTRAINTS ON GRID CHARGES
Perfect Symmetric bids
foresight only

Fixed bid Asymmetric DAI\/I purchase
bids accepted minus ASM sale

Figure 2 - Schematic of the procedure to define the simulation cases.

Regarding the local load, the model is designed to meet the power demand, independently of the RES and the
grid instantaneous availability. It is possible to choose among different load profiles (e.g., a constant load or a
daytime-only load that is null during the night) or to choose not to have a local load. Regarding the participation
to the electricity market, it is possible to trade electricity with long-term contracts only, or on the DAM
(presenting purchase bids that are assumed not to affect the market results), or to provide also ancillary services
(in the specific case, SFR services can be chosen).

From the economic point of view, the abovementioned strategies are related with different electricity purchase
and sale price structures. Concerning the first, it is possible to buy the electricity with long-term contracts,
according to a Time-of-Use (ToU) price profile. Conversely, with the participation of the system to the DAM,
the hourly electricity purchase price is defined by the market results: in the case of Italy, it is equal to the PUN,
which is the quantity-weighted average of the prices in the various bidding zones (see Section 2.2). Regarding
the electricity sale price, a fixed price can be considered, representing the case of incentives that guarantee a
constant remuneration to the producer of renewable energy. With the participation to the DAM, also the hourly
sale price is determined by the market results: in the case of Italy, it is equal to the zonal price.

When the provision of SFR is considered, the bidding strategy, the acceptance rules and the grid charges
valorisation have also to be assigned.

First, two options are implemented in the model for the bidding strategy, both assuming that the bids presented
by the system do not affect the results of the market (i.e., the maximum and minimum accepted prices for
upwards and downwards reserves, respectively, remain unchanged):

e  Perfect-foresight: the model selects the power range to be offered in each hour, that is an optimization
variable. The bid price is a parameter set as input, based on hourly historical timeseries. Under this
assumption, a power range is offered only when the provision of SFR services is more profitable than
trading the same energy on the DAM. The bid prices for upward and downward SFR provision are equal
in each hour to maximum and minimum accepted prices, respectively. Thus, a perfect optimization of
the energy flows is possible, thanks to a perfect foresight of the future prices and quantities.

e Fixed-bid: both the power range to be offered and the bid price are parameters set as input to the
optimization problem, assuming that the results of the ASM cannot be foreseen in advance (more
realistic case). In the model, the easiest bidding strategy is considered, assuming identical quantity and
price in each hour of the year, with upward and downward prices kept constants. Bid acceptance is based
on price comparison: an upward bid is considered to be accepted if the historical maximum accepted
price is higher than the upward bid price, while a downward bid is accepted if the historical minimum
accepted price is lower than the downward bid price.



The intermediate solution (e.g., rolling-horizon foresight) or the analysis of historical data to include a
correlation between DAM and ASM quantities and prices are difficult because of the link with contingencies.
Hence, in this work the two extreme options described above are considered to include the extreme conditions
and provide an indication of the largest contributions of ASM to the P2P economics.

In addition to the bidding strategies, the choice of the power range to bid can be constrained by market rules:

e The accepted bids have to be symmetric, i.e., the power range accepted for upward services is
constrained to be equal to the power range accepted for downward services. This assumption reflects
the present market rules in Italy

e The accepted bids can be asymmetric. For the Italian case, this assumption reflects the changes
introduced in the “Pilot project for secondary regulation” [26].

The last choice regards the computation of the charges related to the use of the grid infrastructure (grid charges)
since they can either be associated to physical or economical energy flows. Three possibilities are introduced:

e grid charges paid on the energy purchased at DAM closure, thus incentivizing downward SFR services
provision (no grid charges are paid on the energy purchased on the ASM);

e grid charges paid on the net energy withdrawn from the grid, thus incentivizing upward SFR services
provision (no grid charges are paid on the electricity purchased on DAM and sold on ASM);

e grid charges paid on the difference between the purchase on DAM and the sale on ASM, incentivizing
both upward and downward SFR services provision.

In the Italian framework, the final rules for grid charges are under definition, since each option can advantage
different power plants and operation strategies. Hence, in the model the different solutions are available.

3. Case study definition

This section describes the case study to which the model is applied in this work, as an example of the strong
impact that ASM can have on a P2P operation. In this work, the repurposing of an existing P2P unit initially
designed for local energy storage is considered, while the case of a specifically designed unit for providing
ancillary services is left to future developments. First, the technical and economic characteristics of the system
components are identified. Then, according to the procedure schematized in Figure 6, the simulation cases are
defined. Finally, the inputs required to perform the simulations are described.

3.1. System components

In this work, the capacities of the PV and P2P system components are derived from a preliminary study [23],
where a PV-P2P system was optimized to minimize the COE to a constant and uninterruptible 1-MW load,
while supplying 60% of the electric demand with local generation by the PV field. The case study is chosen as
representative of a P2P system already installed and optimized for increasing the local utilization of PV-
generated electricity, thus limiting the electric load dependence on the power grid. The obtained equivalent
investment cost is equal to 12.7 M€, of which 6.1 M€ refers to the P2P system. The technical characteristics
of the components, reflecting the best available technology, and the cost assumptions, reflecting recent price
reductions, are detailed in [23]. The component sizes and the resulting CAPEX and OPEX are summarized in
Table 1. The model is able anyway to manage other layouts and component installed capacities, exploiting the
flexibility in its formulation. The following example gives an overview of a possible application, in order to
evidence and quantify the possible impact of ASM on the operation and on the economics.



Table 1 —Features of theP2P system components for the analyzed case study, from [23].

Capacity capex  Amnual ey
Component  (q, el e k]
PV 8.2 MW, 6.6 668 107
EL 3 MW 36 362 60
Compressor 75 kWy 0.1 12
H, tank 20 MWhyy 0.3 31 3
FC 650 kW, 2.1 218 39

*Life Time = 20 years; discount rate = 8%

In the case study, the same constant 1 MW, load is assumed, representative of an industrial facility.

For PV electricity generation, the year-long hourly time series are obtained from [33]. A northern-Italy location
is considered, using the geographical coordinates of the city of Milan, and an optimal displacement of the PV
panel in term of azimuth and zenith angle is assumed. Additional details are given in [23].

3.2. Identification of the simulation cases
Different simulations cases are identified, following the decision scheme in Figure 6.

Regarding the participation to the electricity market, two cases are defined: a benchmark case, excluding the
system participation to the ancillary service market, and a second case including provision of SFR.

The results of the benchmark case simulations are reported in section 4, “System operation without
participation to the ASM”. As regards the electricity prices, combining the different options of the purchase
and sale prices, 3 cases are identified, with an increasing level of price fluctuation over the day and the year:

e (Case A: time-of-use structure (ToU) for purchase price, fixed sale price;
e (ase B: time-of-use structure (ToU) for purchase price, zonal price as sale price;
e (Case C: PUN (+ charges for grid utilization) as purchase price, zonal price as sale price.

The results of the simulations including the provision of ancillary services are reported in Section 5, “System
operation with SFR services provision”. In this case, to define the electricity sale and purchase price, system
participation to the DAM is considered (case C).

Both the perfect-foresight and the fixed bid strategies are simulated, to compare the two opposite scenario: a
perfect knowledge of the future vs complete unawareness of the future market results. In the simulations with
the perfect-foresight approach, six simulation cases are defined, combining the 2 options for the power
symmetry and the 3 options for grid charges calculations. In the simulations with the fixed-bid approach, only
one case is presented, corresponding to the case giving the best results in the perfect-foresight case.

3.3. Market-related input

The market conditions (electricity prices, bid acceptance procedure, electricity required for SFR) are based on
the Italian case in 2018.

Regarding the electricity purchase price:

e When the typical Italian ToU structure is considered (case A and case B), the price ranges from 159 to
170 €/ MWh, depending on the hour of the day and the day of the week (details were obtained via
personal communication with actual industrial customers). These prices include charges for distribution
and transmission system use.

e  When the electricity is purchased on the DAM (case C), the electricity purchase price varies in each
hour according to the PUN, assuming that the bid presented by the system does not affect the market
results. Additionally, grid charges connected to the use of the transmission and distribution network are



considered. The charges are divided into an energy-related item and an item related to the maximum
committed power, for medium-voltage connections 80 €/ MWh, and 4.7 €/kW./month, respectively.

Regarding the electricity sale price:

e  When a fixed sale price is considered (case A), a constant price throughout the year is assumed. The
first guess value is equal to the average price on the DAM in 2018 (60 €/MWh), then a sensitivity
analysis is performed.

e  When the electricity is sold on the DAM, the electricity sale price varies in each hour according to the
zonal price, assuming that the bid presented by the system does not affect the market results.

For the DAM prices (both the zonal price referred to zone ‘north’ and the PUN), historical time series from
2018 are adopted as reference [25]. Values fluctuate during the year, as depicted in Figure 3a for the zonal
price, with the average monthly price ranging between 49 and 76 €/ MWh,. Variations during the day are also
relevant, with recurring day-night oscillations. Figure 3b shows the cumulative frequency, representing the

fraction of time during the year when the zonal price is at most equal to a given value. The price is between 40
and 80 €/MWh¢ most of the time.
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Figure 3 — Historical DAM sale prices in the Italian bidding zone ‘north’ in 2018. (a) Year-long profile; the zoom
highlights recurring day-night oscillations. (b) Cumulative frequency.

The ASM bid price and acceptance strategies require to define other historical profiles. With the perfect-
foresight approach, all the presented bids are accepted, since the model offers at the best price accepted on the
market. With the fixed-bid approach, constant bid prices thresholds are chosen such that bids are accepted

about 80% of the time over the year, corresponding to 100 €/MWh, (upward) and 20 €/ MWh, (downward) on
2018 ASM.

Historical timeseries of the maximum upwards and minimum downwards prices accepted on the MB, where
the secondary frequency reserves are traded, can be found in [25]. The historical values for year 2018, taken
as input for the simulations, and their cumulative frequency are shown in Figure 4 and Figure 5, respectively.
In case of upward bids, the cumulative frequency represents the fraction of time in which a bid with a given



price would not be accepted. On the contrary, in case of downward bids, it represents the fraction of time in
which a bid with a given price would be accepted. In 2018, most of accepted upward offers were in the range
between 100 and 200 €/MWh, while most of accepted downward offers were in the range between 0 and
40 €/ MWhe,.
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Figure 5 — Cumulative frequency of maximum and minimum price accepted for upward and downward secondary
frequency reserves, respectively, in the Italian bidding zone ‘north’ in 2018.

With respect to the level signal (see section 2.3.4), historical time series are available in [34], with a minute
time resolution. Values from 2018 are used for the case study.

4. System operation without participation to the ASM

Economic and operational results of the benchmark simulations are reported in Table 2. The net revenues for
PV electricity sale and the annual average cost of electricity to the load (COE) are presented and compared
with alternative systems (i.e., grid-only and PV-only supply). The table also shows the required CAPEX
variation that would make the investment profitable with respect to grid-only or to PV-only supply. The plant



operation is characterized in terms of number of start-up and equivalent hours (heq) of electrolysis and FC
systems, providing an indication of the actual use, which impacts on degradation. The fraction of load demand
supplied with self-generated electricity by the PV field (“load self-generation”), the fraction of electricity
injected into the grid that originated from the PV field (“Share of grid injection from PV”’), and the fraction of
energy generated by the PV field that is lost due to the storage process (“Share of PV generation lost in P2P”)
give, on the other hand, an indication of the actual share of renewable energy consumed internally or provided
to the grid. The different contributions to the final cost of electricity are then detailed in Figure 6, as total sale

revenues and purchase expenditure. Please, note that investment costs are equal in all cases, since the system
design is fixed.

Table 2 - Results of system optimization without participation to ASM for CASE A, B and C

CASE A B C
Purchase price[€/MWhe] ToU ToU ToU ToU ToU PUN
Sale price [€/MWhe] 60 55 50 45 Zonal Zonal
Net expenditure for Grid-only 1442 1442 1442 1442 1442 1294
electricity [k€/y] PV only 455 492 528 564 454 392
PV+P2P system 455 483 493 500 432 380
Grid-only 165 165 165 165 165 148
COE [€/MWhd | PV-only 140 144 149 153 140 133
PV+P2P 223 227 228 228 221 215
. -5.0 -53 -5.5 -5.5 -4.8 -5.8
ACAPEX [M€] of  grid-only (-83%) (-87%)  (-88%)  (-90%)  (-79%)  (-94%)
P2P for TAC
equivalence with PV-only 71 70 6.8 6.5 6.9 70
(-117%) (-115%) (-111%) (-106%) (-113%) (-115%)
EL startup number 0 351 379 383 195 141
EL heq [h] 0 1118 1864 1865 1291 636
FC startup number 0 432 452 451 269 282
FC heq [h] 0 1806 3011 3012 1147 575
Load self-generation [%] 38 51 60 60 46 42
Share of grid injection from PV [%)] 100 100 100 100 100 100
Share of PV generation lost in P2P [%] 0 22 36 36 14 7
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Figure 6 - Revenues for electricity sale to the grid (positive bar sections) and expenditure for electricity purchase from
the grid (negative bar sections) for case A, B and C, without participation to the ASM.



When a constant sale price is considered (case A), its value defines the affordability of using the P2P system
as energy storage. With high sale prices (e.g., 60 €/ MWh,) the storage system is not used, while the number
of start-ups and the equivalent operating hours of the FC and the electrolyzer increase when the sale prices
drop. Indeed, when the sale price decreases, the storage possibility allows the system to rearrange the energy
flows, decreasing the exchanges with the grid (see Figure 6) and increasing the self-consumption to limit the
COE rise (expected with the drop in the income from electricity sale). When variable sale prices (case B) or
both variable sale and purchase prices (case C) are present, the electrolyzer absorbs the PV-generated
electricity when the sale price is low, and the FC powers the load when the purchase price is high. However,
in all cases, the fraction of the electricity injected into the grid that is generated by the PV field is always equal
to 100%, meaning that arbitrage is never convenient on an economic basis.

It is also interesting to analyse the year-long profile of the stored hydrogen in the tank (see Figure 7, referred
to case C): the whole capacity of the tank is exploited, validating the initial capacity choice, but the cyclic
behavior is mainly on weekly basis. Hence, the system does not act as seasonal storage, but it is fully charged
and discharged many times during the year, with a longer period without discharge in late summer, due to a
particular combination of sale and purchase prices. It can be concluded that the storage behavior is influenced
by the sale and purchase price oscillations, rather than by the day-night fluctuation in PV generation.

Finally, it has to be highlighted that a rise in load self-generation, possible with the storage of renewable
electricity, corresponds to a rise in the energy loss in the storage process (see Table 2). Thus, while the amount
of renewable energy supplied to the load increases, on a global point of view (i.e. considering the entire electric
network, and not only our system) the useful renewable energy decreases.
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Figure 7 - Energy stored in the hydrogen tank as a function of time for CASE C, without participation to the ASM.

5. System operation with SFR service provision

This section describes the core application of the model, with the analysis of several cases including the
participation to ASM, as defined in section “Identification of the simulation cases”.

Simulation results are compared to the benchmark case without ASM in order to catch the influence of
participation in the market on the plant profitability. Indeed, since the system has to be ready to provide SFR
services, the participation to ASM influences both the actual operating strategy and the DAM schedule.

5.1. Perfect-foresight approach

Results of the six cases defined within the perfect-foresight approach are reported in Table 3 and in Figure 8,
with the same structure presented in section 4. Case C0 is the benchmark, without provision of SFR. Cases C1,
C2, and C3 refer to the three options for grid charge calculations (option 1, 2, and 3, respectively), as defined
in section “Identification of the simulations cases”.

Figure 8 shows that the net expenditure for electricity (red dots) decreases when SFR services are provided.
However, the drop in the net expenditure for electricity is negligible when the bids on the ASM are constrained
to be symmetric (between -3% and -7%), while it becomes more significant without this constraint
(between -36% and -79%, depending on how the grid charges are defined). Regarding the strategy to define
the grid charges, in the cases incentivizing downward services, the total expenditure for electricity purchase
results lower, and a large fraction is related to purchase on the ASM at lower prices (and exempt from grid
charges). In the cases incentivizing upward services, higher revenues for electricity sale on ASM are obtained.



Table 3 - System optimization results with SFR provision (case C1, C2, C3) with symmetric and asymmetric bids in
comparison with system optimization results exchanging energy on DAM only (case C0), in the perfect-foresight case.

SFR SFR
No ASM Symmetric bids Asymmetric bids
CASE Co Cl1 C2 C3 Cl1 C2 C3
Net expenditure for I();\l;l_:_ip(;gy 1294
electricity [k€/y] 380 367 354 352 122 244 81
system
Grid only 148
COE [€/MWha] PV+P2P 215 213 212 211 185 199 181
system
ACAPEX [ME€] of P2P for TAC -5.8 -5.6 -5.5 -5.5 -3.2 -4.4 -2.8
equivalence with grid-only (-94%)  (-92%) (-90%) (-90%) (-53%) (-72%) (-46%)
Number of EL startup events 141 563 798 820 1641 1253 1770
EL heq [h] 636 1500 1737 1893 6928 3637 7261
Number of FC startup events 282 746 913 972 992 1390 871
FC heq [h] 575 1052 1046 1137 2814 1596 2995
Load self-generation [%] 42 43 44 43 38 46 39
Share of grid injection from PV [%] 100 100 100 100 100 100 99
Share of PV generation lost in P2P 7 10 D 10 6 17 6
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Figure 8 - Annual revenues for electricity sale (positive bar sections), annual expenditures for electricity purchase
(negative bar sections) on the DAM and for SFR service provision, and net annual revenues (red dots), in the perfect-

foresight cases.

Comparing the three different strategies, incentivizing the provision of downward SFR services (case C1)
results more advantageous than incentivizing the provision of upward SFR services (case C2) while, as
expected, the greatest economic advantages are obtained incentivizing both upward and downward SFR
service provision (case C3). In the last case, the significant drop in the net expenditure for electricity, obtained
with asymmetric bids, results from combined effects:



e larger electricity purchase at low prices on the ASM (downward SFR services) causing a lower
average expenditure (9% drop), taking into account that the expenditure to purchase electricity for
SFR services is equal to 17% of the total expenditure;

e  higher revenues (57% increase), partially due to electricity sale for SFR provision (almost 33% of
the total revenue).

On the whole, the reduction in the net energy expenditure leads to a drop in the COE (see Table 3) but it is not
enough to make the investment in the P2P system profitable with the considered CAPEX.

Regarding the P2P system operation, the high number of start-up events of both the electrolyzer and the fuel
cell is compatible with the initial assumption of low-temperature PEM cells, characterized by fast start-up and
low degradation rate.

When participating to the ASM, the P2P system is used to store both electricity from the PV and from the grid,
contrary to the case of participation to the DAM only (case CO), in which it stores only electricity from the
PV. Indeed, depending on how the grid charges are defined, the self-generation share decreases or sightly
increases with the introduction of the SFR services provision, but the equivalent operating hours of the
electrolyzer increase substantially in all cases (a tenfold increase is shown for cases C1 and C3 with asymmetric
bids), meaning that the electrolyzer is supplied with electricity from the grid. The equivalent operating hours
of the FC increase too with the introduction of the SFR services provision (a sixfold increase is shown for case
C1 and C3 with asymmetric bids), but the FC is used almost only to supply the load. Indeed, all or nearly all
the electricity injected into the grid is originated from the PV.

Finally, the H, tank capacity is rarely fully exploited (see Figure 9) and the storage is filled and discharged
more frequently than in the benchmark case since the stored hydrogen is also used for balancing services. The
storage size could be reduced to avoid the corresponding investment cost, but it is also to be considered as a
possible buffer for unexpected power demand.
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Figure 9 - Energy stored in the hydrogen tank as a function of time in case C3 with symmetric (above) and asymmetric
bids (below), in the perfect-foresight approach.

5.2. Fixed-bid approach

In the fixed-bid cases, only asymmetric bids and the assumption of case C3 for grid charges (grid charges paid
on the difference between the purchase quantities on the DAM and the sale quantities on the ASM) are
considered, since these assumptions offered the best results in the perfect-foresight approach.

In all simulations, the bid price is fixed at 100 € MWhg for upward bids and 20 €/ MWh, for downward bids,
whereas a sensitivity analysis is performed on the bid power range (that is however constant all over the year
in each simulation).



Results of the sensitivity analysis on the downward bid quantity — with null upward bids — are shown in Table
4 and Figure 10, while results of the sensitivity analysis on the upward bid quantity — with null downward bids
- are shown in Table 5 and Figure 11.

Table 4 - System optimization results with SFR provision in the constant-bid case - sensitivity analysis on the downward

bid quantity (null upward bids).

Downward bid power range [KWaei] 0 500 1000 1500 2000 2500
Net expenditure for  Grid only 1294
electricity [k€/y]] PV+P2P system 380 424 448 437 439 446
COE [€/MWha ] Grid only 148
PV+P2P system 215 220 222 221 221 222
ACAPEX [ME€] of P2P for TAC -5.8 -6.2 -6.4 -6.3 -6.3 -6.4
equivalence with grid-only (-94%)  (-102%) (-106%) (-104%) (-104%) (-105%)
EL startup number 141 835 1 1 1 1
EL heq [h] 636 1328 1248 1410 1638 1903
FC startup number 282 871 1011 1039 865 752
FC heq [h] 575 2171 2040 2305 2678 3112
Load self-generation [%] 42 47 41 39 38 37
Share of grid injection from PV [%] 100 100 100 100 100 99
Share of PV generation lost in P2P [%] 7 18 8 6 5 5
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Figure 10 - Revenues for electricity sale to the grid (positive bar sections) and expenditure for electricity purchase from
the grid (negative bar sections) on DAM and for SFR services provision, in the fixed-bid case — sensitivity analysis on
the power range for downward bids.



Table 5 - System optimization results with SFR provision in the constant-bid case - sensitivity analysis on the upward
bid quantity (null downward bids).

Upward bid power range [kW,] 0 500 1000 1500
Net expenditure for  Grid only 1294
electricity [k€/y] PV+P2P system 380 426 928 1398
Grid only 148
E [€/MWhe
COE € 'l PV+P2P system 215 220 277 331
ACAPEX [M€] of P2P for TAC -5.8 -6.2 -11.2 -15.8
equivalence with grid-only (-94%) (-102%)  (-183%)  (-259%)
EL startup number 141 665 1 1
EL heq [h] 636 1039 2267 4159
FC startup number 282 449 1 1
FC heq [h] 575 1699 3706 6789
Load self-generation [%] 42 48 29 30
Share of grid injection from PV [%)] 100 100 99 96
Share of PV generation lost in P2P [%] 7 19 19 29
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Figure 11 - Revenues for electricity sale to the grid (positive bar sections) and expenditure for electricity purchase from
the grid (positive bar sections) on DAM and for SFR services provision, in the fixed-bid case — sensitivity analysis on
the power range for upward bids.

First, the maximum power range that the system is able to offer is equal to 2.5 MW, for downward services
and to 1.5 MW for upward services (over nearly 4 MW, of maximum absorption by load plus electrolyzer
and nearly 9 MW, of PV plus FC nominal generation capacity). Despite the additional services provided, the
COE results always higher than that of the benchmark case. Indeed, the constant reserved power range for
services avoids optimal operation of the P2P system. For instance, the electrolyzer never works at nominal
power if downward services are required and the surplus electricity from PV has to be sold on the DAM even
when sale prices are low. Conversely, to be ready to provide upward services by decreasing its consumption,
the electrolyzer has to absorb electricity from the grid even when the purchase price is high. The additional
income from SFR is not able to compensate for the effects of this operating strategy, but the effect is not
symmetric for the upward or downward power ranges. The additional expenses for electricity purchase are
balanced by increased revenues for electricity sale (see Figure 10), when downward bids are considered. On
the contrary, upward bids almost triple the total expenses when moving from the benchmark case to the
maximum availability of 1.5 MW, for upward services, due to a significant increase in expenses on the DAM
and a small increase in revenues on the ASM (see Figure 11).



6. Discussion

The comparison between the simulation results reported in the previous sections allows to understand the
influence of SFR services provision on the plant profitability.

Results of the perfect-foresight cases show that a drop in the net expenditure for electricity up to -79% is
obtained with asymmetric SFR services, with respect to the benchmark case. It is therefore possible to conclude
that the participation of the PV-P2P systems to the Italian MB gives space to additional revenues that improve
the overall economic profitability of the plants, but only when the bid symmetricity constraint is not present.

With the present bidding approach and prices, the SFR provision profitability is strictly related to the bidding
strategy. Indeed, in the worst-case scenario (fixed-bid simulations throughout the entire year), the net
expenditure for electricity and, consequently, the COE are higher than in the benchmark case. The reserved
power range for upward or/and downward services does not allow the optimal system exploitation on the DAM
as well as the optimal distribution of internal energy flows. A smart ASM bidding strategy is thus fundamental
for the system profitability.

6.1. Bidding strategies and ASM correlations

The simplest strategy would contemplate a direct correlation between presented bids and market conditions for
different times of the day or moments of the year, based on historical data. As an example, Figure 11 shows, for
each hour of the day, the probability that a downward bid (top left) or an upward bid (bottom left) with a given
price is accepted (2018 ASM profiles). For downward bids, the acceptance rate is quite independent of the hour of
the day (especially when acceptance rate higher than 50% is considered). For upward bids, higher (i.e., more
remunerative) prices are accepted between 5 am and 7 am and between 9 pm and 11 pm, corresponding to the
increasing demand time slots. Also the probability to be activated (graphs on the right column) have similar trends,
but on average the fraction of the reserved power that is activated is very small (e.g., shares of the accepted power
bands above 60% are required only for less than 20% and 10% of the time, for downward and upward bids,
respectively). The activation of small fractions of the reserved power strongly limits the remuneration connected
to SFR provision, because only the provided electricity is remunerated. Anyway, the historical profiles analysis
evidenced strong fluctuations of the market conditions and of the activated quantities. A smart bidding strategy
has to analyse the historical profile and real-time external data (e.g., the weather forecast), in order to bid only
with high probability that a high energy fraction is required in real time.
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Figure 12 — Left: share of days in the year with accepted bids, given a price threshold Cse; (minimum downward price
on top, maximum upward price on bottom). Right: share of days in the year with real time activated power above a
given threshold Percse for downward (top) and upward (bottom) SFR.

6.2. Effect of DAM prices

Another factor that affects the results of the optimization in the benchmark case is the electricity price on the
DAM. Since the combined effects in the optimization make it difficult to evidence the impact of the electricity
price profiles on the results, in this section we try to provide an insight on this aspect. In particular, the choice
of storing or selling electricity in a single hour can be explained by general criteria that are also followed by
the optimization tool.

First of all, it has to be observed that with the considered PUN (purchase) and zonal (sell) price profiles (2018
historical data), arbitrage (i.e., storage of grid energy for a subsequent reinjection into the grid to exploit price
differences) is not economically profitable. This result is expected to change in the future, when the electricity
price on the market is likely to fluctuate more during the day, showing very low values in the sunny hours
around midday and high values in the morning and in the evening, when the demand increases and the solar
energy availability decreases. In practice, to make arbitrage profitable, the price difference should compensate
the energy loss connected to the storage process. It results that arbitrage is advantageous if the inequality in
Eq. (34), where n,; is the round-trip efficiency and t; and t, are two different hours of the year is valid:
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For example, with the efficiency values considered in this work for the electrolysis system (70% from
electricity to hydrogen LHV, as reached by state-of-the art low temperature electrolysers) and the FC system
(50% from hydrogen LHV to electricity), a round-trip efficiency equal to 35% is obtained. With these
assumptions, arbitrage is economically advantageous if the sale price is greater than 2.9 times the total
purchase price, including the energy-related share of the grid charges (equal to 80 €/MWhein the simulations).
Considering the historical 2018 electricity prices and 80 €/MWh, grid charges, the maximum ratio between
sale and purchase price is 1.8, concluding that arbitrage is never feasible.

This approach is generalized in Figure 13 where the zonal price (i.e., the sale price) required to make arbitrage
economically advantageous is plotted as a function of the PUN (i.e., the purchase price excluding grid charges),
for the present assumptions and for a 50% positive and negative variation of the grid charges and of the round-
trip efficiency. As can be noticed, already with a null purchase price (i.e., excess of electricity production), the
stored energy must be sold with high prices, above 200 €/ MWh, hardly seen in the past on DAM. In addition,
the dependence of C,2, ., ON Cg}, is linear (see Eq. (34)), making the required ratio between the two prices

lower at higher values and with an asymptotic value given by ni Consequently, the arbitrage option is in
RT

general more profitable when prices are higher. The round-trip efficiency plays a relevant role with a major
influence on the ratio between prices, remarking the requirement for improvements in the technology.
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Figure 13 — Minimum sale price that makes arbitrage advantageous as a function of the purchase price (excluded grid
charges), for the base case (blue line, grid charges 80 €/MWh and P2P round-trip efficiency 35%) and for 50% positive
and negative variations of the grid charges and of the round-trip efficiency.

As a final remark, from July 2021, the electricity price has actually shown a strong increase as a consequence
of the geopolitical instability. For instance, in the last quarter of 2021, the average electricity price is equal to
242 €/MWh,,, with a minimum of 95 €/ MWh, and a maximum of 533 €/ MWh,. The maximum ratio between
the sale and the purchase price (with grid charges 80 €/ MWh,) is 3, making arbitrage with the previously
described P2P economically advantageous.

However, in practice, it is necessary to predict the price variation on a long-term horizon (e.g., 3 months) for
exploiting relevant price differences. If only few days shift is considered, the price oscillations are rarely
sufficient to guarantee the feasibility of arbitrage. In absence of strong changes in prices trends, the main use
of a P2P system is hence the local storage of energy to avoid grid fees or the exploitation of the ASM prices
as discussed in the previous sections.



6.3. Effect of load profile
Finally, the model is used to assess the impact of the load profile on the optimal results.

Considering for example a 1 MW, load that is null during the night, the same overall conclusions drawn for
the uninterruptible constant load presented in sections 4 and 5 are found: the P2P system is used only to store
renewable electricity for a subsequent use for the local load, given the non-profitability of arbitrage
(demonstrated in section 6.2), and a reduction of the COE with respect to the benchmark case is possible when
providing SFR services with optimized bids. Regarding the benchmark case a lower COE is obtained with no
local load during the night with respect to the case of the uninterruptible load thanks to the greater
contemporaneity factor between the PV generation and the load demand, leading the annual revenues for
electricity sale (in production excess hours) to be higher than the annual expenditure to buy electricity for the
local load.

Different conclusions are drawn when a P2P system is installed with the only scope of storing PV electricity
for a later injection in the grid, without a local load to be supplied: the P2P storage system is never used in the
benchmark case. Indeed, the only possible use of such a system is arbitrage, which was already observed not
to be cost-effective with today’s electricity prices (section 6.2). When the provision of asymmetric SFR
services is added, with an optimal bidding strategy derived from a perfect foresight of the market results, the
P2P system is used and an increase in the income up to 17% is obtained. Since lower income is expected in
the real case, the increase in the remuneration appears too small to recover the investment costs related to the
installation and operation of the P2P system (6.1 M€).

The presence of a local consumer is hence a requirement for the P2P system, with additional possibilities given
by the exploitation of price differences in some hours and the provision of services as additional income. The
P2P main target remains at any rate the local renewable energy storage.

7. Conclusions

A techno-economic optimization model has been developed that optimizes the annual operation of a P2P
system (composed of a low-temperature electrolyzer, hydrogen storage tanks, and a fuel cell) to supply an
electric load with locally-generated electricity from a PV plant. The system is also connected to the grid and
trades electricity either on the DAM and on the ASM (limitedly to the provision of SFR). The aim is to
minimize the annual cost of operation of the system, while taking into account the interaction with the
electricity markets.

The development of this model evidenced the need to keep track independently of the real time energy flows,
the planned offers on the DAM, and the bids on ASM, and to optimize them at the same time. Hence, the
model checks the simultaneous compatibility of the ASM bids with actual physical limitations and already
offered energy quantities. This approach increases the model complexity, but removes limitations given by a
priori or a posteriori estimates of ASM participation. The resulting formulation is able to manage several
options related to load profiles, ancillary services limitations, market structures, and bidding strategies.

The case study used to exemplify the application of the model considers an existing PV+P2P system designed
to supply a constant uninterruptible 1 MW, load at 60% local supply and compares a benchmark case where
electricity is sold on the DAM only to a set of cases where the system also offers SFR services:

e In the benchmark case, different levels of variability for the electricity prices are considered.
Independently of the price structure (ToU or DAM-based prices), the installation of the PV system is
always profitable, allowing to decrease the final COE (in the range of -7% to -15%, depending on the
price structure). Conversely, the COE with a P2P energy storage system operating only on the DAM
is higher than without storage (+50% to +60%), even though the presence of the P2P plant allows to
decrease the net expenses for electricity purchase (up to -11%), potentially safeguarding from
electricity price oscillations.



e The time profile of the local demand is not the criterion that changes substantially the operation of the
system, given that a higher contemporaneity factor between RES production and low prices improves
the economics of the system, as expected.

e By offering SFR services, a reduction of the average COE can be obtained with a bidding strategy that
features a perfect foresight of the future. The greater COE reductions are obtained when (i) the grid
charges allocation incentivizes both upward and downward services, and (ii) asymmetric bids are
accepted. The COE variation is, conversely, negligible when the bids are constrained to be symmetric.
In the best case, a reduction of the COE up to -15% is obtained, but the COE in the reference case
(without PV and P2P) remains lower (-22%).

e In all cases with SFR provision, the P2P system stores also electricity from the grid, for later supply
to the load, exploiting price differences, thus reducing the share of PV to the load demand (from 42%
in the benchmark case to a minimum of 38%).In a scenario that excludes any knowledge of the future
and implements a strategy of constant bidding throughout the year, the participation of the PV+P2P
system to the ASM does not show a clear improvement of the economics of the plant. Indeed, the COE
shows small increases with respect to the benchmark case, despite the acceptance ratio of SFR bids in
this case is about 80%, because of the reserved power ranges that cannot be provided on the DAM.

In general, the installation of a P2P system for local storage of PV electricity is not economically profitable
with the current costs of the technology and market prices. A drop of the investment costs of the electrolysis
and fuel cell system, as expected in the near future, can help to improve the profitability of these kinds of
system. Anyway, the P2P CAPEX should reduce by 80% to 95% in order to make such installation
economically viable. On the contrary, once the P2P system is available, it decreases the net energy expenditure
for electricity by storing PV excess energy for later uses. In particular, the use of the P2P system in the proposed
simulations results more intense in the cases with more significant price fluctuations and greater differences
between the purchase and sale prices. In all cases, the P2P system is used essentially to store electricity for
the local load. The ratio between the market prices in low- and high-cost hours is proven to be not high enough
to support arbitrage. Indeed, with the assumed 35% round-trip efficiency, arbitrage results advantageous only
if the sale price is greater than 2.9 times the total purchase price (market + grid fees). An improvement may
come with the adoption of high-temperature electrolyzers and fuel cells, such as reversible solid oxide cell
technologies, which can remarkably increase the round-trip efficiency; however, such systems are less flexible
and currently still more expensive than low-temperature devices, despite showing a promising cost evolution
trend [35].

Additional income can derive from the provision of SFR services to the grid, especially if asymmetric bids are
allowed, but the analysis clearly shows the importance of developing a smart bidding strategy in order to leverage
this opportunity.

Nomenclature

Acronyms

ASM Ancillary Service Market
COE Cost of Electricity

DAM Day-Ahead Market

EE Electrical Energy

EL Electrolysis

FC Fuel Cell

LHV Lower Heating Value

MB Mercato del Bilanciamento (Italian Balancing Market)



MILP Mixed Integer Linear Programming

MSD Mercato dei Servizi di Dispacciamento
PEM Proton Exchange Membrane

PUN Prezzo Unico Nazionale (National Single Price)
PV Photovoltaic

pP2P Power-to-Power

RES Renewable Energy Sources

SFR Secondary Frequency Reserve

TAC Total Annual Cost

ToU Time of Use

TSO Transmission System Operator
Quantities

A Component status on/off [binary]

C Cost [E/MWh]

E Energy [kWh]

I Investment cost [€]

P Power [kW]

Q Installed capacity

t Time [h]

w Specific work [kJ/kg]

a Available capacity [-]

4 Minimum load [-]

n Efficiency [-]

13 Self-discharge factor [-]

Subscripts

acc Accepted quantities for ASM

bid Offered on ancillary services market
DAM Day-Ahead Market closure

DOWN Referred to DOWN services in ASM
comp Compressor

cons Consumption

k Operation case identifier

maxUP Fully accepted UP service case

maxDOWN  Fully accepted DOWN service case



MS Ancillary services Market Session
prod Production

r Real time values

UP Referred to UP services in ASM
Superscripts

t

time step
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