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ABSTRACT

In this study the optimal sizing of a hybrid battery/hydrogen Energy Storage System “ESS” is assessed via a model-based parametric analysis in the context of a
real hybrid renewable microgrid located in Huelva, Spain, supplying a realtime monitored residential load (3.5 kW; 5.6 MWh/year) in island mode. Four storage
configurations (battery-only, H,-only, hybrid battery priority and hybrid H, priority) are assessed under different Energy Management Strategies, analysing system
performance parameters such as Loss of Load “LL” (kWh;%), Over Production “OP” (kWh;%), round-trip storage efficiency #yg5 (%) and total storage cost (€) depending
on the ESS sizing characteristics. A parallel approach to the storage optimal sizing via both multi-dimensional sensitivity analysis and PSO is carried out, in order to
address both sub-optimal and optimal regions, respectively. Results show that a hybridised ESS capacity is beneficial from an energy security and efficiency point
of view but can represent a substantial additional total cost (between 100 and 300 k€) to the hybrid energy system, especially for the H, ESS which presents higher
costs. Reaching 100% supply from renewables is challenging and introducing a LL threshold induces a substantial relaxation of the sizing and cost requirements.
Increase in battery capacity is more beneficial for the LL abatement while increasing H, capacity is more useful to absorb large quantities of excess energy. The

optimal design via PSO technique is complemented to the parametric study.

1. Introduction

Increasing shares of Renewable Energy Sources “RES” worldwide
have caused an increasing need to address the criticalities related to
their variable and non-dispatchable nature [1]. In fact, coupling RES en-
ergy to conventional load profiles may prove challenging due to the shift
of the temporal profiles of power generation and demand which induces
a significant need to oversize the RES capacity. In turn, such oversizing
leads to high overproduction and inefficient use of high added-value
renewable energy [2]. To takle this issue, distributed Energy Storage
Systems “ESS” provide the opportunity to decouple power generation
and demand at a local level, allowing the mass grid integration of RES
[3] required to achieve decarbonization and climate change mitigation
targets [4] without provoking a substantial shock to the existing electri-
cal grid infrastructure [5].

Amongst the available ESS technologies, hybrid configurations such
as battery/supercapacitors or battery/hydrogen storage systems have
been identified as a promising technological solution in PV powered
households to maximize self-consumption and self-sufficiency [6-8].
Battery systems are characterised by low cost and moderate energy den-
sity values (up to 150 Wh/kg), together with the capability to operate
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at highly variable rate which can be suitable for short-term power dis-
patching of small energy volumes [9,10]. The main disadvantages of
battery storage systems are related to the limited energy capacity of the
systems and reduced lifetime, especially under consecutive cycling op-
eration with deep discharge [9,11]. While the coupling of batteries in
combination with supercapacitors (power density up to 5 kW/kg) is suit-
able for short term peak handling, the coupling with hydrogen technolo-
gies can be advantageous for medium- to long-term despatch strategies
[12] thanks to its high energy mass-based energy content (33 kWh/kg),
despite a lower round-trip efficiency (around 35-40%) [13,14].

With the aim of increasing the overall efficiency, reliability and cost
in the long-term, hybridised ESS configurations can potentially exploit
the advantages of both storage systems used in a complementary way,
obtaining a tradeoff between charge/discharge dynamics and suitable
stored energy volume for short- and long-term dispatching.

RES-based microgrids with hybrid battery/hydrogen storage at res-
idential scale are a representative and economically feasible test bench
for high RES penetration conditions in the large scale [15]. In fact,
analysing the power/energy balance at system level allows to under-
stand the impact of different ESS sizing configurations on energy supply
security, overproduction, cost, environmental impact and other impor-
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tant performance indicators, which are useful to project in high RES
penetration scenarios [16,17].

In addition, PV powered households entail a huge potential impact in
terms of emission reduction [18] being representative of the residential
sector which today is supplied by grid electricity which presents high
Primary Energy Factors and CO, emissions [12,19]. In addition, the de-
mand shape of the residential sector is highly variable, characterised
by high peak/baseload ratios, which exacerbates the mismatch between
RES generation and continuous load supply [20,21].

Based on above, tools for optimal sizing ESS in microgrids play a
essential role to guarantee a secure and efficient energy supply, provided
at affordable cost.

The main tools and methodologies used for optimal storage sizing in
microgrid environments have been comprehensively reviewed by Hos-
seinalizadeh et al. [22], Erdinc et al. [23] and Abdin et al. [24]. Each ESS
sizing configuration is evaluated according to a set of output parame-
ters for energy supply security, efficiency, cost or environmental impact
which quantify the performance of a microgrid. According to the specific
application requirements or operational criteria, one or more objective
functions are determined and the sizing characteristics of the microgrid
components are optimized in order to minimize/maximize such objec-
tive function.

On the other hand, simulation tools are mainly divided into two cat-
egories: (i) aggregate analyses based on efficiency parameters for each
component (mainly developed in HOMER) or (ii) model-based analyses
where each component is simulated in detail (mainly customly devel-
oped in MATLAB/Simulink). The aggregate approach is advantageous
in terms of computational effort, reducing the complexity of each anal-
ysed case. However, the output results can be somewhat unrealistic from
an operational point of view. For example Gangwar [25] and Eltamaly
[26] both use an aggregate methodology, which is strongly limited in the
assessment of the hourly microgrod perfomance. On the other hand, the
model-based approach is much more accurate in terms of operational
results — as done by Li et al. [27,28] — and is able to assess different En-
ergy Management Strategies “EMS” [29], although at the cost of higher
complexity and computational time is required.

The identification of the optimal values of the ESS sizing character-
istics can be achieved with different methodologies. The simplest ap-
proach used in literature is by parametric analysis [30,31], where the
whole search space is simulated and analysed, finding the optimal solu-
tion directly from the simulation of the entire workspace. This approach
has the advantage of showing not only the optimal solution but also the
variation trends of the selected performance parameters with the varia-
tion of the decision variables also for non-optimal regions of the search
space, which might be of interest. However, such method is limited to a
small amount of variables and presents increased computational burden
given the lack of an efficient search method [32].

To address to such limitation, one of the most widespread numeric
search algorithm is the Particle Swarm Optimization “PSO” which is
characterised by its simplicity of implementation, rapid convergence
and high number of input variables which can be potentially processed,
which is convenient for optimization problems such as microgrid sizing
[23,26,32].

The main research question which this paper aims to answer is (i) to
identify the optimal sizing configuration and cost of the hybrid battery-
hydrogen ESS in a real RES-microgrid which supplies a realtime resi-
dential load towards island operation. The paper also contributes to (ii)
analyse the impact of increasing self-sufficiency ratios of a residential
user in terms of storage capacity and cost of the supplying microgrid.

The objectives of the paper are pursued using a detailed component-
orientated model-based approach (previously calibrated by the authors
with experimental data [33,34]) with four different rule-based EMS
whose system performance under fixed storage capacity has been anal-
ysed in previous work by the authors [33,35]. The search for the optimal
storage configuration (which is the main step forward respect to the pre-
vious work of the authors) is carried out with a parallel approach via
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a multi-dimensional sensitivity analysis and a PSO algorithm, in order
to understand trends between the design variables and performance pa-
rameters or to quickly identify the optimal configuration, respectively.

The literature gap consists in the fact that most of the analysed stud-
ies either implement only one ESS [31,36] or analyse the impact of one
variable at a time [17,26,37,38] or are based on an aggregate approach
[39,40]. There are fewer examples of model-based analyses of hybrid
battery-hydrogen ESS sizing optimization [27,28,30]. None of the re-
vised papers address the variation of more than one design parameter
contemporarily or under different EMS. All the aspects previously listed
represent elements of novelty for the proposed paper.

Table 1 provides a brief overview of the analysed literature and de-
tails the main contributions of the authors’ proposal.

In order to analyse different ESS configurations from an energy ca-
pacity point of view (kWhygeq,), the sizing paraemters Vi, and Qp.i
are varied in a wide search space and optimal sizing configurations are
searched by applying both parametrical analysis and a Particle Swarm
Optimization (PSO) [48] search method, coupled with a model-based
simulative approach under 4 energy management strategy scenarios
(battery-only, H,-only, hybrid battery priority, hybrid H, priority). Cost
optimal sizing solutions are found and compared for each scenario for
decreasing thresholds of Loss of Load “LL” (from 10% to 1% respect to
the nominal load energy), in order to analyse the technical and economic
performance trends of the system for increasing grid independence, ex-
clusively achieved by local zero-emission renewable energy sources.

2. Materials and methods

In Section 2.1 and 2.2 the case study is described in terms
of microgrid topology, component characteristics (Section 2.1) and
time-dependant input data — meteorological and demand profile —
(Section 2.2). Section 2.3 presents the modelling tools utilized in
the present work. The component modelling is only summarized in
Section 2.3.1 since it has been taken from previous works by the authors
[33,34] which present a full component model analysis for the analysed
microgrid based on custom MATLAB code, including empirical valida-
tion & error analysis for each specific component. In the same fashion,
the system modelling is only briefly mentioned in Section 2.3.2 since
the power despatch algorithms are thoroughly described in the previ-
ous works [33,35]. For specific details the reader should refer to such
previous works.

2.1. Huelva microgrid — configuration

The storage sizing analysis is tailored for the case study of the hybrid
renewable microgrid located in Huelva, Southern Spain, whose simpli-
fied scheme is illustrated in Fig. 1. The microgrid presents several renew-
able energy systems at kW-scale which represents a suitable test bench
for studying hybrid energy systems. The RES production side (15 kW,
PV panels, 3 kW Wind Turbine “WT”) feed power without limitation into
the DC bus, according to the available meteorological resources. A hy-
brid battery-hydrogen ESS (40.8 kWh lead acid battery and a hydrogen
loop composed of a 10 kW Alkaline Electrolyser “ALKEL” and PEM Fuel
Cell “PEMFC”) is installed to absorb and discharge energy from/into the
DC bus. Both storage systems can act complementarily according to the
implemented EMS despatch algorithm, providing various possibilities in
terms of net power management within the microgrid boundaries. The
main technical caracteristics of the microgrid components are listed in
Table 2.

The microgrid is considered to supply a residential load connected to
the AC bus; the power is assumed to be exchanged internally on the DC
bus and exchanged with the load (connected in the AC side) via the main
inverter. In its present configuration, the microgrid presents a bidirec-
tional grid connection on the AC bus. However, since the scope of this
study is to analyse the behaviour of the microgrid towards island op-
eration under different ESS configurations, the resulting energy import
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Table 1
Overview and comparison of analysed literature for optimal ESS sizing in hybrid microgrids.
ref modelling approach Advantages Disadvantages
[25,26,31,39,40] Aggregate « Fast modelling of hybrid battery/H, systems + No detailed hourly operational data
analysis « Many decision variables analysed + In-built optimization tool (sub-optimal
regions not assessed)
[16,27-30,32,33,35,41-47] Model based « Component-orientated » Complex modelling environment
Optimization « Detailed hourly operational data + High computational burden
 Customizable EMS + Optimization process unrelated to physical
« Advanced optimization tools (Particle Swarm, components
Genetic Algorithms, MILP, Fuzzy logic) + Experimental data required for model
validation
Authors’ proposal « Multi-dimensional sensitivity analysis + Multi-dimensional sensitivity analysis
* Model based 1 & 2-variable analysis + Non-optimal search method — simulate entire
(contemporary) search space
« Sub-optimal regions are analysed « Limited amount of analysed variables
+ PSO algorithm + PSO algorithm
« Fast convergence to optimal configuration + No information on sub-optimal regions
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Fig. 1. Hybrid renewable microgrid at University of Huelva.

from the grid represents the Loss of Load and the energy export towards
the grid represents the Over Production “OP” from RES generation. In
this way the microgrid stand-alone response is simulated, without actu-
ally requiring an actual stand-alone operation of the system.

Since the objective of the study is to analyse the performance of the
hydrogen ESS in terms of energy capacity rather than charge/discharge
dynamics, the systematic variation of the electrolyser and fuel cell rated
power values (Pe) oms Pgc nom) has not been considered. This assumption
is justified by the fact that — as shown in Annex I - a variation of such pa-
rameters has limited impact on the overall performance parameters (LL,
OP, 71ggg) in the range between 2 and 10 kW, ;,,,, (especially for the fuel
cell, which is the downstream component). Only for very small nominal
power values (i.e. #1 kW, ) a significant impact on the performance

parameters is found which, however, is not an area of interest of the
search space (proximate to implementing no storage). Furthermore, the
variation of the nominal power of the electrochemical systems would
undermine the validity of the empirical models used (Table 3) which
are calibrated on the base-case nominal power values (10 kW, oy, for
both systems), hindering the validity of the obtained results.

2.2. Input data

2.2.1. Meteorological data & analysis

In order to simulate the typical operation of the microgrid and not
a specific year, statistical geographic-based meteorological data are im-
plemented.
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Table 2
Baseline parameters of the microgrid components.

Component SupplierModel Nominal Parameters
PV panels Isofoton® ISF-250 3 x 5 kW,
mono/poli/a-Si Atersa® A-230P

Schott® ASI 100
Wind Turbine (WT) Enair® 3 kW

E-30PRO
Alkaline electrolyzer Nitidor® 10 kw,
(ALKEL) Standard line 2 Nm®y,/h
Hydrogen tank Lapesa® 1 m?, 30 bar
PEM Fuel Cell Ballard® 3x3.3kW,
(PEMFC) FCgen 1020ACS 3 x 2 Nm®,/h
Lead-acid battery bank U-Power® UP100-12 34x12V
(BATT) 100 Ah

The meteorological input dataset is obtained from the PV-GIS
database [49] which provides TMY P-50 (Typical Meteorological Year
with P50 uncertainty rate [50]) datasets in hourly resolution for given
geographical coordinates. In particular, Global Horizontal Irradiance
“GHI”, ambient temperature T,,;, and W10 (wind speed at 10 m height)
data is extracted for the coordinates of Huelva, Spain (Fig. 2). The GHI
data is corrected according to the tilt angle of the installed solar panels
via the geometrical relationships presented in Maleki et al. [51], while
the W10 data is corrected at the actual Hub Height “HH” of the WT
(25 m), using a shear factor a equal to 0.3 [52] (Fig. 2).

The solar radiation resource (W/m?) presents a strongly seasonal
and daily trend, peaking around 1000 W/m? in daytime summer season
which is reduced to around 400 W/m? in the winter season, obviously
radiation is null in night-time.

The average radiation during the daytime is 355 W/m? and the
yearly irradiation is around 1.55 MWh/year. Also the ambient tempera-
ture follows a similar seasonal trend, with a fairly constant temperature
during summer (20-25 °C) and mild temperatures during the winter
(10-15 °C), typical of subtropical climates [53]. In contrast, wind speed
is fairly low all around the year, presenting a yearly average equal to
4.4 m/s with a slight increase in winter (6.2 m/s during February) af-
ternoons.

2.2.2. Load data & analysis

As previously mentioned the microgrid is analysed considering a real
residential load whose data (2019) is obtained by the monitoring of
a 100 m? residential dwelling of a 12-apartment building, located in
Huelva, Spain [53] - Fig. 3. The dwelling consists of a single-family
house with an occupancy of 4-5 people with a preferential use dur-
ing the morning and evening and during winter season. The thermal
demands of the dwelling are partly met by supporting electrical com-
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Fig. 2. Yearly heatmap data of (top) solar radiation (tilt angle ¢=45); (middle)
ambient temperature; (bottom) wind speed (HH=25 m).

ponents (Air conditioning “A/C”, Heater, Domestic Hot Water “DHW”
boiler) which mainly operate in electric heating mode during winter,
while electric cooling is seldom used due to the advantageous subtropi-
cal climate during summer. All the circuits are continuously monitored
by voltage and current sensors which send the measured data every 5 s
to the data acquisition system specifically developed by the University
of Huelva.

The load was resampled to an hourly resolution (1-h average value),
in accordance with the modelling timestep (see Section 2.3). The load
instantaneous power data (W) shows that the peak electrical consump-
tion is reached in winter (around 3.5 kW), with a reduction of such peak
consumption in summer to 1.5-2 kW due to the absence of purely elec-
trical heating. Such kind of heating system is characterised by very high
Primary Energy Factor, with respect to other thermal energy technolo-
gies (e.g. gas-fired boilers, condensation boilers, electrical heat pumps,
geothermal heat pumps, Combined Heat & Power “CHP” units) [12,54].
The baseload of the household is around 150-200 W, fairly constant

Table 3
Summary of microgrid component modelling.
Comp. Model approach Main Equations Eqn. Ref.
PV STC correction Ppy = Ppe =2 (1 + [ BI(Tp — Tsre)) (1 +81n(=2—)) I [28,58]
GSTC GSTC

WT Piece-wise power curve Pyr=0-=Vyg <Veuin @ [15,59]
Py = f(U?U) = Vewrzin <Virrr < Vom
Pyt = Pyrnom = Vaom <Vir <Veu-ofs
Pyr=0->Vyy > Viuors

ALKEL Empirical I-V polarization curve [33,34]
I-P power curve
) Neany

PEMFC fig, = Np(==) ® [60]

H, tank Ideal gas pV =nRT @ [33,46]
A _ AnRT

plank - kam
BATT Tremblay (adapted) Iy >0 © [41,61]
c, c, .
Viar = Voo = K 553576 Tban = K 5=55¢ SOC + AePS0C 4 Ry Ly
Ty <0 ®) [41,61]
C, C, — -

Viar = Voe = KWSOC + K1y m — Ae™PS0C 4 Ry Lo
SOC = SOC, — la! » [33]

C
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Fig. 3. (Top) Monitored yearly total load; (bottom) resampled monthly load —
average daily (0-24 h).

throughout the year. The contracted capacity is equal to 4.4 kW which
is never reached in the analysed data.

In Fig. 3 the average daily resampling (0-24 h) of the load instanta-
neous power (W) is shown for each month. The daily profiles show typi-
cal “M-shape” demand pattern which is typical for residential dwellings,
with two evident daily peaks (one in the early morning, one in the
evening) related to domestic activities and occupancy, counterbalanced
by an intermediate valley period during midday and a baseload pro-
file during nighttime [20,55]. The seasonal trend of the electrical load
can also be seen in Fig. 3, showing an overall decrease of the peaks
during the summer period due to the absence of electrical cooling dur-
ing the summer. During summer (June-September), the daily profile is
flattened, due to the avoided demand spikes required by the electrical
heating appliances (only general purpose appliances). The resampled
daily profiles show relatively lower peak values (1.5 kW in January or
February vs. up to 3.5 kW seen in the non-resampled yearly data — as
seen in Fig. 3), meaning that such peak values are non-recurrent and
swamped during the resampling. Although the peak demand values are
not statistically significant, they may prove detrimental for the State of
Charge “SOC” of the ESS, demanding high currents for limited amounts
of time. This aspect highlights the importance of operating with power-
based hourly data instead of aggregate energy-based monthly or yearly
data, for which such effects are swamped out [47,56]. The resampled
baseload power, on the other hand, is fairly constant throughout the
year and aligned to the non-resampled yearly data.

The total energy consumption of the dwelling under study is divided
into several monitored electrical circuits whose aggregate monthly en-
ergy consumption (kWh) is represented in Fig. 4.

The monthly average energy consumption of 466.7 kWh/month and
a specific energy consumption of around 55 kWh/m? year classifies the
dwelling as Minimum Energy Building “MEB” [57], with a yearly cumu-
lative energy consumption equal to 5.66 MWh/year. The most energy-
consuming end circuits result to be the electric boiler for DHW with 34%
of the total yearly demand, followed by the general appliances (each
around 11-13%) and the electrical heater (12%).

Advances in Applied Energy 3 (2021) 100048

1000 T T T T T T T
3% 13% I Lighting
900 '. ° I House Plugs
o 5% |[C___]Kitchen Plugs
800 349 5.6 I Kitchen Equip | |
— [ Washer
< 700f MWh/ y' 13% | [l Refrig 1
=3 . '\ I
>, 600 12% 11% I Heater b
s 1% 7% [__IDHW bolier
c 500
Ll
= 400
<
2 300
200
100
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Fig. 4. Aggregate monthly energy consumption by circuit.

The temporal analysis of the aggregate monthly electricity consump-
tion (Fig. 4) shows a similar behaviour with what discussed for the
power data (Fig. 3). A decreasing trend can be observed during sum-
mer (up to —35% in August and September respect to the average) with
respect to the winter period (with the peak consumption in February
with +25% respect to the average). The variations are mainly due to
the electrical heating components in winter (heater and DHW support
boiler, accounting together for 46% of the yearly electricity consump-
tion), which is not counter-balanced by the cooling equipment in sum-
mer which is seldom used (A/C, accounting for only 1% of the yearly
electricity consumption). The reduction in energy consumption in sum-
mer is also due to the reduced utilization & occupancy of the dwelling by
the inhabitants. The trend of the monthly consumptions of the general-
purpose loads are rather stable throughout the year.

2.3. Summary of microgrid modelling

As a trade-off between accuracy and computational effort, the system
is analysed by means of yearly simulations in hourly timestep in order
to focus on the system analysis from an energy standpoint. Each com-
ponent is simulated according to the specific operating conditions by
considering dynamic part-load operation and internal process variables.
In Table 3 the modelling approaches, main equations (Equations 1-7)
and reference sources are only briefly summarized. As previously men-
tioned, specific details can be found in previous works by the authors
which focus on microgrid component modelling, empirical validation
and error analysis [33,34].

The system modelling (Section 2.3.3), developed in Simulink envi-
ronment, implements a high-level Energy Management Strategy “EMS”
approach which is useful to perform long-term simulations, with the ob-
jective of analysing the aggregate yearly energy fluxes exchanged by the
microgrid. The model calculates the power balance in hourly timestep
between the renewable power generation Prpg and the demand power
Pjoaq (according to the hourly meteorological data and load data respec-
tively) on the DC bus as shown in Eq. (8) and assigns net power (P.;)
setpoints to the ESS according to the implemented EMS logic [29].

zPizo_)Pnet=PRES_Pload ®)

From an energy standpoint, local component control is neglected (al-
though physically it is in place); in fact an hourly timestep is far greater
than the characteristic timestep of typical control systems — which is in
the order of seconds [62].

The simulations are run in Simulink, setting the standard solver
(ode3) for discrete timestep (1 h). The initial values of the ESS must
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be initialized, in this case they are set to 50% of each ESS nominal ca-
pacity.

2.3.1. Summary of microgrid component models

The PV output power has been simulated as a correction model of the
nominal power P, obtained under Standard Testing Conditions “STC”
according to the incident inclined solar radiation at given panel tilt angle
and temperature correction coefficients (%/ °C) as done by Camps et al.
[58] and Li et al. [28].

The wind turbine model follows the implementation of the power
curve as a piece-wise function of wind speed evaluated at hub height
[15], as done by Feroldi et al. [59]. The wind turbine’s operating range
is considered between cut-in and cut-off wind speed and constant power
operation beyond nominal wind speed.

The electrolyser and fuel cell systems have been modelled by im-
plementing the empirical polarization and power curves obtained from
the installed systems in Huelva [33,34] in their typical operation range:
in fact, alkaline systems are usually operated at lower power density
ranges (0.1-0.8 W/cm?) [63], respect to PEM systems (0.5-1 W/cm?)
[64] due to the higher conductivity of the electrolyte [63,65].

The produced/consumed hydrogen quantity is directly determined
from the stack current by the Faraday law (Equation 3) [60] and is set
as input/output to the hydrogen tank. The tank modelling considers hy-
drogen as an ideal gas, leading to a linear variation of pressure respect
to the mass input/output of hydrogen derived from the molar flow [46].

The battery modelling is based on the dynamic battery model pro-
posed by Tremblay [61], adapted by Valverde et al. [41] with decoupled
relationships for charge & discharge voltage in function of current and
SOC. The model was calibrated based on cyclic charge/discharge data
(C-rate within —5 and 5, no limitation in SOC) of a single lead-acid bat-
tery unit of the same type of the battery bank.

2.3.2. Summary of energy management strategy algorithms

Once the power balance (Eq. (8)) is calculated for each timestep P,
is managed by a case-structured logical algorithm [66] which assigns
power (W) setpoints for each timestep to the ESS components in each
analysed scenario — see Fig. 5. The component models elaborate the
provided power setpoints, determining the new state of the components’
internal variables for each timestep.

For the single component ESS scenarios the despatch algorithm is
trivial since all the net power is dispatched to the ESS until it is avail-
able. For the hybrid ESS scenario two previously developed EMS state

~
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i a
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e if H, ESS is available P =P
BATT is * If Pnet>0 - Pnet=Pe|
Unavailable ML S A )
*if Pret>0 > Prer=Pgrig ot (8rid connected) or P,,=OP (island mode)
SUHE eif P<O > P =P, (grid connected) or P, =LL (island mode)
unavailable " )

Fig. 6. Battery-priority EMS logical scheme.

control based despatch algorithms are implemented [33,35]: i) bat-
tery priority EMS and ii) H, priority EMS. The logical structure of the
EMS is done by checking the storage control parameters — the bat-
tery SOC and H, tank pressure p;,,. — are within the admissible range
[SOCpins SOCax; Prank,min; Ptankmax]- Considering the pre-established
priority, it will be the battery bank (battery-priority) or hydrogen system
(hydrogen-priority) which guarantees the power balance in the first and
second instance. Ultimately, if both storage systems are unavailable, the
net power cannot be provided/used resulting in unmet load (P.;<0) or
excess electricity (P,.>0) due to the considered island operation mode.
In Fig. 6 and Fig. 7 the two implemented EMS logical schemes are illus-
trated.

In Table 4 the limits for the storage control parameters are reported.
In particular, the SOC thresholds (20%—80%) for the battery bank are
chosen to limit deep discharge, which is significantly affects the battery
bank lifetime [67]. On the other hand, the hydrogen tank pressure can
vary in the whole operating range (from atmospheric pressure, up to
the nominal pressure of the vessel equal to 30 bar) without physical
limitations.

A hysteresis bandwidth is defined for which as soon as an ESS be-
comes unavailable due to having reached either the lower or upper limit
of the control parameter range, the ESS will remain unavailable until the
restoration limit [SOCiqy,; SOChigh; Ptank,low’ Prank,high] iS reached.For ex-



A. Monforti Ferrario, A. Bartolini, F. Segura Manzano et al.

N
*P.>0 > excess
45 ep <0 > deficit
PRES_PI.OAD J
- )
e if Pnet>0 - Pnet:PeI
HyEssis [ < =
ekt if Pnet 0 - Pnet Pfc )
« if BATT ESS i available P,,,=P,_, D
H, ESS s * if Pret>0 2 Prei=Patt,ch.
Unavailable AL S A R T )
*if Pret>0 > Prer=Pgrig ot (8Fid connected) or P,=OP (island mode)
SSUEEE e if P <0 > Py =P, (8rid connected) or P =LL (island mode)
unavailable .

Fig. 7. Hydrogen-priority EMS logical scheme.

Table 4
EMS control parameters.

Parameter Unit Value

Correct operation limits [33,35,67]

Pranicmin bar 1
Prankmax bar 30

SOCpnin % 20

SOCpnax % 80
Hysteresis limits (bandwidth 10 bar; 10% SOC) [68]
Prank,low bar 10

Prank high bar 20

SOCjqy % 30

SOChgn % 70

Power threshold limits [27,46]

Pel,max P<-:l,nom

Pte max Pte nom

Criax 5C

ample, if the battery is discharged below 20% of the SOC, the battery
will only allow charging mode until having reached the hysteresis SOC
limit of 30%, before being able to discharge again. Hysteresis bandwidth
is implemented in order to avoid continuous on/off situations in case of
ESS unavailability, which could oscillate around the control variable
limit indefinitely. Also, when an ESS is unavailable or within the hys-
teresis bandwidth, the restoration of such ESS becomes automatically
prioritized with respect to normal operation — with the aim to always op-
erate with the two complementary ESSs available (otherwise the hybrid
scenario would rapidly fall into either battery-only or H,-only scenario).

The amplitude of the hysteresis bandwidth affects the promptness of
the ESS to return into operation after being unavailable [68]. The chosen
hysteresis bandwidth values (equal to 10 bar & 10% SOC) have been se-
lected based on previous experience in similar simulative environments
(in terms of system configuration and storage capacities) [33,35] as a
trade-off between providing a wide operation range and avoiding un-
suitable operating conditions.

Finally, maximum power thresholds (defined in Table 4) are imple-
mented in order to limit the maximum power that each component can
physically process [27,46].

3. Energy storage scenarios

The microgrid energy storage configuration is simulated in four sce-
narios: (i) battery-only, (ii) H,-only, (iii) hybrid battery priority and (iv)
hybrid H, priority. While for the single component scenarios P, can
only be dispatched to the installed ESS in the hybrid scenario P, is
dispatched according to the implemented EMS.

The ESS sizing characteristics variation envelope (Table 5) has been
selected in order to assess a comparable useful stored energy range of
0-350 kWh (considering the DC bus nominal voltage of 400 V, standard
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Table 5

ESS sizing characteristics variation envelope.
ESS variable  Battery-only = H,-only  Hybrid battery-H,
Qpare (AD) 50-1000 0 50-1000
Viank (M) 0 0.5-10  0.5-10

H, density of 0.0898 kg/Nm? and LHV};, equal to 33.33 kWh/kg), net
of the nominal round-trip efficiency of the components at nominal con-
ditions, assessed as 85% for the battery (round-trip) [45], 75% for the
electrolyser and 50% for the fuel cell [69]. The capacity of the hydrogen
ESS is varied with the geometrical volume V., (m?®) of the tank while
the battery ESS is varied by the battery nominal capacity, Q. (Ah), in
order to maintain the voltage of the DC bus fixed to the design value
of 400 V4. In fact, the battery bank voltage directly defines the DC bus
voltage since the batteries are directly connected to the busbar (Fig. 1).

The parametric variation of the ESS sizing characteristics is evalu-
ated by the Loss of Load and Over Production performance parameters
and their percentages (LLo, and OPy,) as defined in Eq. (9) and Equation
10:

LL=F, — island operation

rid,in
“r [ )
" Eioad,nom
OP = E,iq 4 — island operation

__op __ _ opP (10)
0Py = Epy+Ewr  Ercs
where E; is the cumulative yearly energy (kWh) —integration of the in-
stantaneous power in time - related to each analysed component i.
The LL parameter represents the portion of the nominal load energy
E|yud nom that the microgrid system is not able to supply and is supplied
by the grid E,,;,;, in grid connected mode. The nominal load energy
Ejyud nom is considered fixed equal to the sum of the load demand, even
in the case the unmet energy LL is not equal to zero. On the other hand,
the OP parameter represents the amount of energy produced by the RES
systems Epy + Ey, 1, which is not used in the system and injected back
into the grid, Eg,;g -
An overall storage efficiency parameter y,g¢ is defined as the ra-
tio between the useful energy discharged by the ESS, E,, g5 and the

energy initially stored into the ESS, E;, g as shown in Equation 11.

E,
NEss = ;ur,ESS (11)
in,ESS

The general objective for this study is to optimize the operation of the
microgrid in island mode, therefore minimizing LL and increasing the
overall energy supply security of the microgrid [17]. Minimization of OP
is only preferable (but in this specific case not of primary importance) in
order to enhance the rational use of renewable energy, avoiding that the
excess energy is sent to the grid with minimal valorisation or curtailed.
Each energy storage scenario is assessed by running parallel Simulink
simulations in each ESS configuration with parametric variation of each
sizing parameter (Qy, and Vi, ) within the range reported in Table 5,
with a variation step of 10 Ah and 0.5 m3, respectively.

A sensitivity analysis of the electrolyser and fuel cell nominal power
values Pg)om and Py ;o in a range of 1-10 kW, is provided in
Annex I.

3.1. Preliminary economic analysis and cost optimization for target LLq,
thresholds

Although increasing the size of ESS is always beneficial from an en-
ergy security point of view (reducing LL and OP for unbalanced en-
ergy systems), the increase in cost with size should be analysed [15].
In Table 6, the main economic parameters of the ESS are summarized
to assess the cost (CAPEX, replacement & OPEX) of different ESS con-
figurations over the time horizon of 20 years. In particular O&M cost
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Table 6
Economic parameters.

Component  CAPEX O&M Lifetime  Ref.
Equipment

ALKEL 1500 €/kW  5%cappx/y 10y [13,72]
H, tank 2000 €/kg 2%capex/y 20y [13,72,73]
PEMFC 1500 €/kW  5%cappx/y 10y [13,72]
BATT 200 €/kWh  5%cuprx/y 10y [72,74]
Energy cost

Tariff €/kWh Ref.

LL penalty 8.7 [28,32,70,71]

OP remuneration 0

is given as annual rate in percentage function of CAPEX and the com-
ponent lifetime determines the replacement frequency. Replacement of
components is considered at full CAPEX, which is a conservative as-
sumption since most balance of plant components present longer life-
times. No financial cost is considered due to the small-scale of the energy
system which does not imply a financial structure.

For the H, ESS, not only the tank cost is considered but also the
electrolyser and fuel cell costs, since these components are an integral
part of the ESS. However, since the electrolyser and fuel cell nominal
power are fixed, the electrolyser and fuel cell costs behave as a constant
summed to the tank cost.

Due to island configuration, unmet load energy is penalised at the
Value of Lost Load “VoLL” — equal to the customer dissatisfaction. Com-
pared to standard electricity acquisition costs (0.136 €/kWh) reported in
standard grid connected configurations [34], VoLL is significantly more
expensive. Shivakumar et al. [70] have mapped the VoLL for EU coun-
tries, reporting for Spain a VoLL equal to 8.70 €/kWh which is confirmed
by Kaviani [32] and Schroder [71], which state a VoLL within the range
of 2-12 €/kWh for domestic users. Considering the island operation, ex-
cess electricity is considered to be curtailed at zero value with respect to
reported selling prices (0.030 €/kWh [34]) preventing potential revenue
streams.

3.2. Optimal design strategy

The cost optimization module is run on the basis of the energy sim-
ulation results, in order to assess the optimal storage sizing and cost
for decreasing LL,, thresholds (equal to 10%, 5% and 1%), towards full
island operation (LLo, equal to 0%, i.e. fully self-sufficient RES based
microgrid).

The optimal design of the ESS is assessed as a two-variable func-
tion of the storage capacities of the two ESS systems (Qp,i; and Vink,
as previously discussed). The objective of the optimization process is
to identify the configuration that yields the least total storage cost
Ciotrss (Eq. (12)), which includes: i) the total CAPEX cost of the sys-
tems (Eq. (13)) calculated respect to the storage capacities; ii) the re-
placement cost Creplace (EQ. (14)) of each system according to the com-
ponent lifetime respect to the analysed time horizon (20 years); iii) the
OPEX cost Cppgx gss including O&M cost and penalisation cost for LL
(Eq. (15)). The cost equations which compose the cost objective func-
tion to be minimized are the following:

Cioess = Ccarex,ess + Creplace T CoOPEX.ESS Mot (12)

Ccarex, Ess = Crat + Crank + Carker + Cpemrce =

= QparCpart + Viank Ctank + Carker + Cremrc (13)

{”replace = ntor/nliferime (14)
Creplace,ESS = CCAPEX,ESS nrep/ace

Coprex.ess = Cosm + LL cyopp (15)
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Fig. 8. Scheme of the PSO optimization process.

Where ¢4 and ¢, represent the specific costs reported in Table 6;
Nyeplace 1S the number of replacements during the time horizon ny,
(years), respect to the lifetime of each component nygrim, (years); Cogm
is the annual operations & maintenance cost of each system given in
Table 6 and cy,;; is the penalisation cost for the LL, equal to the value
of lost load (€/kWh).

With the parametric analysis the whole search space is simulated
(2000 possible configurations considering the design variables range
and variation step), the optimal configuration for each LL, threshold
is found by extracting the minimum cost configuration of all the cases
within a + 0.5% range of the desired threshold.

In order to improve such search process, a constrained PSO algo-
rithm has been implemented to search the cost-optimal configuration.
The implementation of the PSO algorithm is done in MATLAB environ-
ment using the “particleswarm” function [75]. The settings of the PSO
algorithm and its stopping criterions are reported in Table 7. Following
the PSO algorithm the function iteratively searches through the given
ranges of the design variables and passes them as parameters to the
Simulink model. The simulation is executed and through Egs. (12) to
15 the total storage cost of the simulated configuration is computed.
The logical flowchart of the data exchange between the optimization
code and the Simulink model is shown graphically in Fig. 8. The search
continues until one of the stopping criteria is met, for which a number of
consecutive solutions do not show a significant decrease in total storage
cost. A virtual constraint is enforced by applying a very high negative
cost externality on the objective function (Eq. (12)) for every kWh of LL
that exceeds a predefined threshold (the maximum allowable LLy,).

4. Results and discussion

The numerical results of the simulations are presented and discussed
in this section. Section 4.1.1 reports the results of the single-components
storage scenarios. For the hybrid battery-H, scenarios the results are
represented as parametrical 2-variable functions for both EMS in the
following Sections 4.1.2 and 4.1.3. Finally Section 4.2 shows the results
of the preliminary cost optimization process, considering the prelimi-
nary economic analysis parameters discussed in Section 3.1.

Fig. 9 shows the overall energy and power balance between the gen-
eration and the load without any ESS in place. In the energy balance,
it can be observed that the PV production is predominant (producing
between 50% to 95% of the monthly energy in winter and summer re-
spectively) respect to the WT given the favourable solar radiation con-
ditions in Southern Spain. The PV production results strongly oversized
respect to the load, the overproduction during spring/summer (March
to September) is 2-5 times the monthly energy demand. Similar results
are found in literature at comparable latitudes [2,15,30] in energy sys-
tems characterised by high predominance of PV . Also the shape and
peak/baseload ratio result critical for the energy balance [38] induc-
ing a significant time-shift (0-24 h average resampling) between the
load (especially in the morning and evening) and the generation (pre-
dominantly PV in solar hours), especially in winter periods (November-
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Table 7
Particleswarm function settings — rest default.
Parameter Value Description
Swarm Size 25 Number of particles in the swarm
Max Iterations 150 Maximum number of iterations for the whole swarm

Max Stall Iterations 10
Function Tolerance 5e-4

Number of consecutive last iterations with objective change less than tolerance
Maximum objective change admissible over the last Max Stall Iterations
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Fig. 9. (Top) Monthly energy balance; (middle) average daily power balance
resampling (0-24 h) by month between generation and load; (bottom) yearly

net power exchanged by the ESS.

March) due to electrical heating, requiring an ESS to manage the net
power.

4.1. Baseline simulations

The simulation results of the battery-only (Qp,=100 Ah; V=0
m?3) and hydrogen-only (Qp,=0 Ah; V=1 m?) baseline scenarios are
shown in Figs. 10 and 11. It can be observed that the control parame-
ters (Pank and SOC) are successfully controlled within the defined oper-
ational range by the EMS. The system — for both simulated ESS — enters
a deficit phase during autumn/winter (the first and last 1000-2000 h,
where the peaks of demand are highest both in average and in maxi-
mum value) where the ESS is discharged and grid support is required
despite the overall oversizing of the RES and ESS systems respect to
the load. Also the time-shift effect (previously described) between RES
production and the evening peak of demand is detrimental for the LL.
During summer (2000<h<6500, with minimum demand and increased
solar radiation) the energy balance is strongly dominated by PV over-
production and the ESS is saturated to the upper limit; during this period
excess energy is abundant.

The baseline hybrid battery-hydrogen scenario (Qp,;=100 Ah;
Viank=1 m3) simulation results under the two EMS (Figs. 12 and 13)
are similar to those reported and discussed in Monforti et al. [33] and
Vivas et al. [35] (simulated under a slightly different load condition),
showing a clear oversaturation period of both ESS period during summer
(March to September) and limited deficit periods in winter. The effect

Table 8
Baseline simulation results.
Hybrid battery-H,
EMS
Scenario Battery-only H,-only Battery-priority ~ H,-priority
E, (MWh) 0 4.970 0.662 4.959
E¢. (MWh) 0 1.812 0.266 1.808
Epeecn, (MWh) 2.789 0 2.399 0.069
Epaeedisch, (MWh) 2149 0 1.806 0.059
OP (MWh) 10.415 8.233 10.142 8.186
LL (MWh) 0.481 0.741 0.404 0.675
Eggs (MWh) 16.252 16.252 16.252 16.252
Ejoadnom MWh)  5.601 5.601 5.601 5.601
Performance parameters
LLy, (%) 8.59% 13.22% 7.22% 12.06%
OP,, (%) 64.40% 50.66% 62.08% 50.37%
Morage (%) 75.10% 36.14% 66.21% 36.94%

of the ESS prioritization can be clearly seen: in the first case most of the
energy is processed by the batteries, inducing a stronger variability of
the SOC with respect to py,ni; the opposite happens for the second case
in virtue of the implemented EMS [29,76].

All the baseline simulation results are collected in Table 8, including
the cumulative energy for each component E; and the main performance
parameters.

The increased use of hydrogen generally decreases the overall stor-
age efficiency (745 as low as 34-35% in H,-predominant simulations
and around 50% in the hybrid battery-priority simulation) due to lower
nominal efficiency of hydrogen systems [29,33]. The LL,, increases and
the OP,, decreases since a larger volume of energy is converted by elec-
trolysis, which is a highly energivorous process (around 5 MWh/year
absorbed by the electrolyser against only 2.5-3 MWh/year charged into
the battery) [77]. However, a larger portion of such energy volume is
converted into losses, according to the lower storage efficiency [31,45].
Instead, the use of batteries increases the storage efficiency (up to 75%
in the battery-only simulation thanks to the higher nominal efficiency),
decreases the LL,, (down to 7-8%) and increases OP,, (above 60%).

The unmet load is relatively low (in the order of 400-700 kWh/year)
compared to the excess energy (between 8 and 10 MWh/year), caused
by the summer PV overproduction (Eggg equal to 16.25 MWh/year, con-
stant for all scenarios) which leads to high values of OP,, (between 50
and 65%) for all scenarios. High OP, conditions are frequently reported
in other literature works, due to high RES penetration and down-sizing
of the ESS [2,15,30].

All hybrid scenarios show better results in terms of LLy, and OPy,
with respect to the corresponding single-component scenarios, confirm-
ing the usefulness of a complementary hybrid ESS. A relevant reduction
in LLy, can be achieved for hybridised scenarios: in particular a reduc-
tion equal to 16% is achieved for the hybridised battery-priority scenario
compared to the battery-only scenario, and a reduction equal to 9% is
achieved for the hybridised H,-priority scenario with respect to the Hy-
only scenario. A less relevant reduction of OPy, is achieved, with a 3%
and 1% reduction of the OPy, for battery and hydrogen hybridised sce-
narios respectively, with respect to their respective single-component
scenarios.
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Fig. 10. Yearly (battery-only) simulation. (Top) power balance (W); (medium) battery SOC (%); (bottom) battery C-rate. Parameters: Q=100 Ah; V,,.,=0 m®=0
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Fig. 12. Yearly (hybrid battery-hydrogen) simulation with battery-priority EMS. (Top) power balance (W); (medium) battery SOC (%); (bottom) H, tank pressure
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Fig. 13. Yearly (hybrid battery-hydrogen) simulation with H,-priority EMS. (Top) power balance (W); (medium) battery SOC (%); (bottom) H, tank pressure py
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4.1.1. Single-component ESS parametric analysis results — battery-only and
H,-only

The variation of scale of the ESSs determines a series of superposed
effects on the response of the microgrid storage: for example a battery
bank with a larger capacity induces operation at lower C-rate, thus pre-
senting a reduced amplitude variation of the SOC which shows a more
continuous trend; an increased energy (thus increased time at equal P,.;)
is required to increase/decrease the SOC of an equal amount. Instead, a
battery bank with a smaller capacity will operate under higher C-rate,
which induces a greater SOC amplitude variation and a smaller amount
of energy (thus less time at equal P,) determines a significant variation
of the SOC which presents a more discrete step-like trend [78]. Fig. 14
illustrates such effect comparing the SOC and C-rate of two battery-only
simulations (Qp,=100 Ah and Qy,,=1000 Ah, respectively).

A similar effect is obtained by the increasing/decreasing of Vi,
(Fig. 15), which modifies the hydrogen tank capacity (therefore the H,
mass which can be stored at equal nominal pressure) and the system
autonomy. In addition, the maximum load threshold is modified with
scale.

For the single-component ESS simulation scenarios Fig. 16 reports
the trends of the output parameters LL and OP (and their percentages)
with the increase of scale. The increase of battery capacity results in a
stronger reduction of the LL from around 2 MWh/year (LLy, equal to
20%) at low capacity (<50 Ah) up to near-zero values at 700 Ah (i.e.
250 kWh stored). However the LL improvement easily reaches a plateau
for large capacities for which further increase of battery capacity does
not provide positive effects in terms of energy supplied [79]. Instead,

(b)

Fig. 14. Yearly (battery-only) simulation. Battery SOC (%) & battery C-rate. (a) Q},=100 Ah; (b) Q,=1000 Ah.
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the increase in H, storage capacity leads to a less steep reduction of the
LL with an almost linear tendency at medium capacity ranges between
1 and 8 m3 (i.e. 50-275 kWh stored) after a sharp decrease at lower vol-
umes (<1 m3). The minimum LL is around 0.17 MWh/year (LLy, equal
to 3%), around 15% of the initial value at low tank capacity (V,, equal
to 0.5 m3).

Similar challenges in autonomous H, operation are found in litera-
ture [80], where even with a relevant increase of the hydrogen storage
capacity this must be supported by an external support unit (e.g. genset).

The different behaviour of the H, system can be explained by a
multitude of overlapping factors. Firstly, the H, ESS (at equal ca-
pacity) presents lower round-trip efficiency compared to the battery
ESS (see Table 8). Secondarily, the PEMFC at nominal operating con-
ditions consumes approximately 3 times the hydrogen produced by
the electrolyser in the same time period, leading to an inconsistent
management of the tank and the limited maximum storage volume
and allowed pressure range of the tank (operated between 10 and
20 bar) does not allow sufficient flexibility without quickly reach-
ing saturation. On the other hand, the battery bank can be operated
at highly variable C-rates (up to 5C) and the net power can be al-
ways stored or withdrawn also at low battery capacities, provided
that the SOC is maintained within the suitable operating range lim-
its. Also, the SOC allowed operating range is slightly wider (20-80%
of the maximum capacity) than the p, operating range (10-20 bar
which equates to 33-66% of the maximum pressure), providing in-
creased flexibility capability to the battery system at equal stored energy
capacity.
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Fig. 16. Performance parameters versus storage capacity (single-component).

For OP, the opposite happens: the H,-only scenario shows lower
OP values overall respect to the battery-only scenario and an increase
in H, capacity induces a more relevant OP decrease (27% reduction
from 9.53 MWh/year to 6.97 MWh/year) of the OP compared to an
increase in battery capacity (12% reduction from 11.28 MWh/year to
9.96 MWh/year). Both trends show a sharp drop in OP at low capacity
(<25 kWh stored) then follow a linear trend. The slope of the H,-only
configuration is steeper than the battery-only one due to the capacity
of the H, ESS to absorb larger amount of energy continuously without
saturating the storage tank. However, due to the lower round-trip effi-
ciency, this is counterbalanced by increased losses.

The round-trip storage efficiency strongly depends on the ESS tech-
nology, resulting in average equal to 36% for the H, ESS and 76% for
the battery ESS.

(b)

Fig. 15. Yearly (H,-only) simulation. H, tank pressure pep (bar). (a) V=1 m®*=30 Nm?® (top); (b) V=10 m®=300 Nm? (bottom).
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4.1.2. Hybrid ESS parametric analysis results — battery-priority EMS

The simulation results of hybrid battery-H, scenario — battery-
priority EMS — show that the LL and LL,, (Fig. 17- top), as previously
shown in Fig. 16, are slightly more affected by the increase of battery
capacity (around 10% reduction on each incremental step) rather than
by the hydrogen tank volume (around 5% reduction on each incremen-
tal step), however their variability range is limited in absolute value
since the overall LL is limited to below 550 kWh/year (worst case with
Qbar<200 Ah and Vi, <1m3). With moderate ESS scales (Qpe>300
Ah and V>3 m?®) the LL,, can be limited to well below 5%, reach-
ing zero value for the whole upper half of the analysed ESS variability
envelope.

The OP and OPy, (Fig. 17- bottom) show higher overall values (OP
between 8.8-10.2 MWh/year; OPy, between 54 and 63%) and a more
marked dependency on the H, tank volume increase (up to 9-12% re-
duction) with respect to the battery capacity (up to 1-5% reduction)
due to the greater energy volume processed by the H, ESS, albeit with
greater losses. OP,, is reduced from 63% for low ESS capacity to a min-
imum of 54% for the maximum tank capacity (10 m3) and half of the
maximum battery capacity (500 Ah).

The non linear variation of OP with increasing battery capacity can
be justified as follows. For battery capacities which are too low (<500
Ah) the energy capacity is too small leading to a greater variation of the
SOC which quickly surpasses the control limits, resulting with an often
unavailable battery. For battery capacities which are too high (>500
Ah) the battery system may persist within the hysteresis bandwidth am-
plitude: after becoming unavailable the SOC cannot reach the restora-
tion limit imposed by the hysteresis band, reason for which the EMS
logic considers it unavailable. This phenomenon can be clearly seen in
the simulation reported in Fig. 18 (Qpu=750 Ah; V=10 m3=300
Nm?), where the battery SOC remains between 20 and 30% between
2100 and 2500 h, preventing the battery to absorb the net power. This
example highlights the importance of the hysteresis bandwidth ampli-
tude in microgrid operation [68]. Also other literature studies report
the non-linear behaviour of performance parameters as a function of
battery capacity, which alters the balance between perfectly met load
(which needs a large battery capacity) and inconsistent use of either the
solar resource or the fuel cell component [30,38,42].
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A further reduction of OP below 9 MWh/year (OP,, equal to 54%)
is hard to obtain with the battery-priority EMS due to the strong sum-
mer overproduction unbalance shown in Fig. 8, which is challenging to
absorb even by increasing both ESS to their maximum capacity. Both
systems easily reach oversaturation and deep discharge does not occur
until the end of summer (September-October).

Also the storage efficiency nggg (Fig. 19) follows a non-linear be-
haviour caused by the perduring hysteresis state of the battery bank.
Overall the nggg range is within 50-70%, with a strong decreasing trend
with the reduction of the hydrogen tank capacity, due to the increased
utilization of the battery system, which presents higher round-trip effi-
ciency values (average battery single component round-trip efficiency
equal to 76%).

4.1.3. Hybrid ESS parametric analysis results — Hy-priority EMS

For the hybrid battery-H, scenario — H,-priority EMS — the LL and
LLq, results (Fig. 20- top) show a linear trend with respect to the in-
crease of the hydrogen tank, whereas a slight non-linear behaviour can
be observed with the variation of the battery capacity. The LL ranges
from around 700 kWh/year (LLo, equal to 12%) for very low values of
ESS capacity (V<1 m® and Qy,<100 Ah) up to near-zero values for
combinations with higher ESS capacity (Vi <7.5 m® and Q<400
Ah).

Overall, the LL and LLg, values under H,-priority EMS are higher
than those obtained under the battery-priority EMS (maximum LL and
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Table 9
Single-component cost optimization results.
LLy,,  Total cost (k)  Qpuy (Ah)  Epggyeers (kW) OPy, (%) n1pgs (%)
Battery-only
10% 90.7 40 13.6 64.9% 75.62%
5% 108.6 290 98.6 63.1% 75.79%
1% 193.8 790 268.6 61.7% 74.97%
H,-only
10% 163.5 3.33 115.2 48.6% 36.36%
5% 174.3 7.33 253.5 45.2% 36.67%

1%*

* Hy-only configuration does not reach LL,, equal to 1% within the search space

LL, equal to 550 kWh/year and 9% respectively). In fact, the increased
utilization of the hydrogen systems imposed by the EMS entails a greater
LL (especially during critical load demand during winter) since the H,
systems present lower round-trip conversion efficiency and the energy
stored by the electrolyser is insufficient for the fuel cell to supply the de-
mand. Also inconsistent tank management in terms of maximum storage
volume and limited operating pressure range affects negatively the H,
ESS with regard to the LL. Unlike the battery-priority EMS, a reduced
portion of the search space achieves near-zero values and zero LL values
are never reached, even with high ESS capacity conditions.

The OP results (Fig. 20- bottom) range between 6.5 and
8.5 MWh/year (OPy, equal to 40-55%) for different ESS combinations.
The trend presents a rather linear reduction with the increase of Vi,
with an average decrease of OP of around 17% across the whole anal-
ysed range (0.5-10 m?); the increase of the battery capacity Qpy in-
duces a less steep reduction of OP up to around 5% across the analysed
range (50-1000 Ah).

The H,-priority EMS presents lower OP and OP,, values (between
6.5-8.5 MWh/year) respect to the battery-priority EMS (between 8.8—
10.2 MWh/year). H,-priority EMS also presents higher OP reduction
rates (17% reduction with increasing V. and around 5% reduction
with increasing Q) compared to the battery-priority EMS (9-12% re-
duction with increasing V., and between 1 and 5% reduction with
increasing Qy,). In particular the reduction rate with respect to the
Viank is more pronounced due both to the increased amount of energy
processed by the H, ESS — counterbalanced by increased losses — and
the less frequent use of the battery systems.

The analysis of the storage efficiency (Fig. 21) shows a rather con-
stant npgg around 40% across the whole capacity range, with a slight
increasing trend in larger battery capacity scenarios with small hydro-
gen capacities (top-left corner). Respect to the battery-priority case, the
increase in nggg with increasing battery capacity is limited, since the
EMS will prioritize the use of the H, ESS instead. Overall, the average is
much lower respect to the battery-priority case, since the average round
trip efficiency of the hydrogen systems is lower, equal to 36%.

4.2. Cost optimization results for target LL,, thresholds

The total storage cost optimization results for single-component and
hybrid configuration is analysed for LL,, threshold values equal to 10%,
5% and 1% (although lower LL,, values can be reached). The reported
total storage cost is calculated via Egs. (12) to 15.

While for single-component scenarios a unique storage configuration
is found and reported in Table 9, for hybrid ESS scenarios a plethora
of different Qp,/Viank configurations can complementarily obtain the
same overall LLy, — as shown in Fig. 22. With the parametric analysis
approach the total storage cost of each configuration which lies within
the +0.5% range of the desired LL,, threshold must be calculated and
compared to individuate the cost optimal configuration. This approach
is fully deterministic and less efficient in terms of computational load:
considering that a single yearly simulation lasts around 5-10 s, the op-
timal search can computation time is in the range of 10,000-20,000 s
(several hours) for each EMS configuration with 2000 possible config-
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Fig. 19. Storage efficiency nzgs versus storage capacity (hybrid battery-
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urations for each LL,, threshold. The same result can be obtained via
the PSO algorithm which converges to the minimal cost configuration
for the chosen LLy, constraint. Obviously the computation time with the
PSO algorithm is reduced to the range of 1000s (few minutes) since
convergence to the optimal solution is reached after approximately 25
iterations for the two EMS scenarios (around 625 simulations, consid-
ering the swarm size given in Table 7), but the result does not provide
information on the sub-optimal regions.

Generally, the storage cost increases with the decrease of the LLg,
due to increasing stored energy requirements. The battery-only sce-
nario requires relevantly less useful stored energy compared to the
hydrogen-only scenario, due to differences in nominal round-trip effi-
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ciency and operational behaviour previously explained. In fact 13.6 kWh
and 98.6 kWh of energy stored in the battery system are required with
respect to 115.2 kWh and 253 kWh for LLy, equal to 10% and 5% re-
spectively. As expected, the battery-only scenario storage cost is lower
(91/108 k€ for 10%/5% LLy, respectively), due to the lower size of
the battery system and lower LL penalization; instead, the H,-only sce-
nario total storage cost (163/174 k€ for 10%/5% LLg, respectively) is
penalised by a fixed cost of electrolyser and fuel cell also for small tank
sizes. The comparison at LL,, equal to 1% cannot be performed since the
H,-only system does not reach such value in the analysed search space.

The storage efficiency of the optimal sizing configurations for each
LLg, thresholds are very similar to the average nggg values in single com-
ponent scenarios (Fig. 16) since the variation range for yygg with size is
quite limited.

Although penalisation cost is high (VoLL equal to 8.7 €/kWh) the
analysis of operation towards island mode means that LL energy vol-
umes are low (in most cases <1 MWh/year, see Fig. 15, 16 & 19), leading
to a maximum energy cost of under 10 k€/year for most configurations.
This means that the total storage cost is mainly composed of CAPEX &
OPEX of the ESS components rather than the penalization cost for the
lost commodity.

Analysing the identified combinations of ESS configurations reported
in Fig. 22 it is clear that battery-priority EMS requires lower stored
energy and therefore lower cost, due to the increased use of batteries
which - for previously discussed reasons — is more suitable to limit the
LLy, and higher #pgs. Amongst the identified combinations the cost op-
timization search tends to always prefer an increase in V,, rather than
one in Qy,, since — considering the selected economic parameters re-
ported in Table 6 — the hydrogen system presents a lower marginal cost
per additional unit of stored useful energy (2000 €/kg which equates to
161.6 €/kWhyeq, considering the LHV of hydrogen and the round trip
efficiency of 37.5%) compared to the battery system (235 €/kWhesu
considering the round trip efficiency of 85%); in fact, the electrolyser
and fuel cell (both fixed at 10 kW, o, for all configurations) represent
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a fixed cost for both EMS and do not shift the economic balance from
one EMS to the other.

The cost optimal configurations of hybrid scenarios reported in
Fig. 23 (found by either parametric analysis or PSO algorithm) show
a similar trend for to single-component scenarios (Table 8): total stor-
age cost increases with decreasing LL,, and H,-priority EMS cost opti-
mal configurations show a poorer performance in terms of nggg (around
35-37% vs. 54-70%), useful stored energy (121/259/549 kWh et
vs. 35/155/328 kWh,.g,) and total storage cost (140/185/326 k€ vs.
110/150/208 k€) compared to the battery-priority EMS for all cases.
The nggg decreases with decreasing LLy, since the ESS are used more
intensively.

It should be pointed out that although hybridisation has been shown
to be always useful from an energy perspective (see Section 4.1), the
cost optimal solutions for hybrid ESS scenarios are not always improved
vis-a-vis to the respective single-component scenario, confirming that
energy and economic objectives do not coincide.

The economic results are aligned with the reviewed literature in
which hybrid energy systems are analysed as a function of the reduc-
tion of LLy,. In general, the commonality to all reported works is that
system performance and cost is stressed when low LL, are searched. A
qualitative comparison of the present work with other comparable spe-
cific contribution is given in Table 10, in terms of analysed LL,, range
and effect in varying the LLq,.

The consideration of variable Pgj oy and Py oy, and/or their adap-
tation to the tank size could significantly shift the economic balance of
the hybrid configuration and provide an updated cost trade-off [30,38].
Also, the maximum potential cost saving (which is equal to 30 k€ con-
sidering the specific investment costs indicated in Table 6) would affect
both hybrid system configurations in which the systems are present,
without relevantly affecting the general conclusions that can be drawn
from the cost trends in Fig. 23 which differ due to the EMS rather than
the CAPEX of the systems.

Also the inclusion of a revenue stream from electricity sale could
affect the H,-only scenario, since it presents significantly lower values
of OP% (around 45-48%) respect to the battery-only scenario (around
60-65%). Both aspects are deemed relevant by the authors and will be
object of future work.

5. Concluding remarks

In this paper a model-based analysis of the optimal design of a hybrid
battery/hydrogen storage of a RES microgrid connected to a residen-
tial load in simulated off-grid conditions is carried out. The simulative
tool implemented for this analysis is a detailed, component-orientated
model, which was previously developed and validated with experimen-
tal data by the authors. At system level, four Energy Storage Systems
ESS configuration scenarios (battery, H,, hybrid battery-H, with bat-
tery priority, hybrid battery-H, with H, priority) have been simulated
and analysed under different EMS. The results are analysed via perfor-
mance parameters such as Loss of Load LL, Over Production OP, round-
trip storage efficiency #pgg and total storage cost Cyq gsg- A parallel ap-
proach to the optimal design of the storage capacity is carried out via
multi-dimensional parametric analysis and Particle Swarm Optimization
PSO, which can both identify the optimal combination of the two design
variables related to the storage energy capacity (Qpai; and Vi, in the
range of 0-350 kWh,.,) with decreasing LL,, thresholds (from 10%
to 1%), toward fully islanded conditions (LL¢, equal to 0%). The para-
metric analysis provides useful information regarding the trends of the
performance parameters with the design variables, (which is key to un-
derstand the dynamics of the energy management in RES microgrids),
other than only the optimal point, provided by the PSO approach.

From the results, some general and specific conclusions can be
drawn. The general conclusions are consequence of the operational char-
acteristics of the two storge technologies (battery or H, storage, respec-
tively) thus can be extended to other comparable plants as well.
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Table 10

Comparison of the results of the present work with reviewed literature.

LL,, range

Analysed effect of LLy,

Authors’ proposal 0-10%
Eltamaly et al. [26] 0-100%
Semaoui et al. [17] 1-3%
Serra et al. [38] 0-5%
Rozzi et al. [77] 0-5%
Hafez et al. [37] 0-10%

Impact on energy supply, stored energy & Cost of
Storage and for sizing optimization

Impact on Cost of Energy with load prioritization
Impact on State Of Health of battery and lifetime
Impact of Self Sufficiency Ratio on Cost of Energy
Pareto front for NPC for sizing optimization
Impact on energy supply for sizing optimization
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Fig. 23. Cost-optimal configurations of hybrid ESS scenarios by LL,, threshold
and EMS: H,-priority (solid blue line); battery-priority (solid orange line).

Even in highly oversized PV environments for both power and en-
ergy, 100% RES supply to domestic users is challenging. Achieving zero
LL throughout the year (pure stand-alone mode) entails the installa-
tion of large-sized ESS (Qp,:;>500-600 Ah for battery only and battery-
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priority scenarios, hardly reached in hydrogen scenarios, even for high
values of Vi) which are costly and complex to manage. In addition,
given the PV driven RES generation which is hard to couple with the
residential load profile, the achievement of low values of LL (around
1-10%) usually entails high values of OP (around 50-60%) which rep-
resent large volumes of renewable energy not used locally, wasting the
added value that locally distributed RES generation could potentially
provide.

While sizing storage systems the actual requirements of energy secu-
rity of the demand should be taken into account. In fact, an allowable
LL, threshold induces a substantial relaxation of the storage systems’
capacity and cost requirements (e.g. 50-55% reduction in energy ca-
pacity and 30-45% reduction in total storage cost by increasing the LLq,
threshold from 1% to 5%). A trade-off should be found with respect to
acceptable LLy, levels and total storage cost.

In general an increase of ESS size induces a positive effect in the
energy security performance parameters, especially at smaller scale for
which the LLy, and OP,, reductions are steeper, despite a loss in energy
efficiency due to the round-trip storage efficiency and an increase in
cost.

Hybridisation of hydrogen with batteries is always advantageous
from an energy security perspective compared to single-component ESS
scenarios (as shown in Table 8), allowing to exploit the different sys-
tems in a complementary way. However, storage efficiency and cost are
negatively affected by hydorogen storage in hybrid scenarios, demon-
strating that energy security, storage efficiency and cost objectives do
not coincide.
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A battery-based ESS seems more suitable for short term storage with
daily charge/discharge dynamics. In fact, the battery-based scenarios
present lower LLy, (zero LL with Qy,,,, around 500-600 Ah) with higher
round-trip storage efficiencies (around 60-70%), although presenting
higher OP,, values (above 50-60%). From an economic point of view
the incremental cost in terms of additional energy capacity (€/kWh, 1)
is high, since the whole battery bank must be upsized and the optimal
search tends to prefer lowest size battery capacity which can guarantee
the given LL,, threshold.

On the other hand, hydrogen storage seems likely to be more suitable
for long-term storage scenarios, being able to process and store higher
energy volumes. The results of H,-based scenarios show a reduction
in OPy, (around 40%, lower by 20% respect to the battery scenarios)
but worse results in terms of LLy, (up to 5% more) and storage effi-
ciency (around 35-37% due to the lower #gg of the hydrogen systems).
From a cost point of view the hydrogen conversion systems (electrol-
yser and fuel cell) represent a high CAPEX contribution, but the storage
tank shows a low incremental cost in terms of additional energy capac-
ity (€/kWhyes,)- For this reason the search algorithm tends to chose a
larger storage tank capacity which provides that specific LL,, threshold,
minimizing the increase in battery capacity.

The cost-optimal configurations show a total storage cost (20 years
operation) between 90 and 200 k€ for the battery-based scenarios and
between 150 and 300 k€ for the H,-based scenarios, showing that
currently H, storage is still relevantly more expensive with respect
to battery storage, although the downsizing of the electrolyser and
fuel cell nominal power could reduce the gap. Also in terms of useful
stored energy the cost-optimal configurations of hydrogen-based sce-
narios require more storage capacity respect to battery-based scenar-
ios (121/259/549 kWh,se Vs. 35/155/328 kWhyery for 10%/5%/1%
LL,, respectively). The economic competitiveness of H, storage could be
enhanced with longer-term storage horizons (monthly, seasonal, etc.),
where the lower marginal cost of the storage tank could be advanta-
geous.

All in all, this paper provides an innovative contribution to optimal
storage design of an actual hybrid battery/hydrogen storage coupled to a
RES microgrid which supplies a real residential load profile. The demon-
strated parallel optimization approach represents a successful testing of
the validity of the results obtained by the numerical PSO algorithm with-
out neglecting the energy aspect with the rigorous systematic approach
of the parametric analysis. For a more comprehensive optimization anal-
ysis of the whole microgrid environment, the variation of more parame-
ters (such as the installed power of electrolyser and fuel cell, other than
battery characteristics and RES generators) should be implemented to-
gether with the analysis of additional performance indicators with a
multi-objective optimization approach, which will be object of future
work. Other active energy management approaches such as load prior-
ity repartition, demand side flexibility or load shedding/shifting could
potentially be advantageous in the analysed conditions.

6. Acronyms

A/C: Air Conditioning

CAPEX: Capital expenditures
DHW: Domestic Hot Water

EMS: Energy Management Strategy
ESS: Energy Storage Systems

GHI: Global Horizontal Irradiance
HH: Hub Height

LHV: Lower Heat Value

LL: Loss of Load

MEB: Minimum Energy Building
OP: Over Production

OPEX: Operating expenses

PEMFC: Proton Echange Membrane Fuel Cell
PV: Photovoltaic
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RES: Renewable Energy Sources
SOC: State of Charge

STC: Standard Testing Conditions
WT: wind turbine

7. Notation and symbols

Eyq : load energy (Wh)

E,, pss : energy stored in the ESS (Wh)

E,, gss - energy discharged by the ESS (Wh)
Epy, : photovoltaic energy (Wh)

Egrgs : RES energy (Wh)

Ey - : Wind Turbine energy (Wh)
LLg, : Loss of Load percentage (%)
npss - overall storage efficiency

OP, : Over Production percentage (%)

P,;: electrolyser power (W)

P, 0x: maximum electrolyser power (W)

P, ,om: nominal electrolyser power (W)

Py fuel cell power (W)

Py, oyt maximum fuel cell power (W)

Py wom: nominal fuel cell power (W)

Py,qq: load power (W)

P,.;: net power (W)

Pris: RES power (W)

Piank: tank pressure (bar)

Prank o’ initial tank pressure (bar)

Prank.nign* high hydrogen tank pressure (bar)

Prank jow: 10w hydrogen tank pressure (bar)
Drank.max: Maximum hydrogen tank pressure (bar)
Prank.min: Minimum hydrogen tank pressure (bar)
O, battery capacity (Ah)

O,.ax: Maximum battery capacity (Ah)

SOCy,,,: high State of Charge - restoration (Ah,%)
50C,,,,: low State of Charge — restoration (Ah,%)
S0C,,,,- maximum State of Charge (Ah,%)
S0C,,;,, minimum State of Charge (Ah,%)

Vi - Storage hydrogen tank volume (m3)

min*

Declaration of Competing Interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Annex 1. Electrolyser and Fuel Cell nominal power sensitivity
analysis

In this Annex a sensitivity analysis of P¢) oy and Pg pon consider-
ing the base-case hydrogen tank volume (V=1 m3=30 Nm?) is car-
ried out under different EMS. In fact, while V,, determines the en-
ergy capacity of the hydrogen ESS, the rate at which P, is converted
to H, (and viceversa) is strictly dependant from the nominal power of
the electrolyser/fuel cell and their dynamic behaviour. From the mod-
elling point of view, a variation of Pgj pop, and Py or, induces a scaling of
the current-voltage polarization curves and consequently the maximum
power which the electrochemical system is able to process, respect to
the P, trend (whose range, as shown in Fig. 9-c, is between —3 kW and
+8 kW). The electrolyser nominal power is varied for values equal to
1, 2, 5 and 10 kW, ), where 10 kW, o, is the base-case value (cur-
rently installed in the microgrid) and maximum value since P, does
not exceed 10 kW (Fig. 9-c). The PEMFC nominal power is varied for
values equal to 1, 3.3, 6.6 and 10 kW, ;,,,, considering the unit power
of each PEMFC system (see Table 2) where 10 kW ;,,,, is the base-case
value considering 3 PEMFC installed in parallel (which is the current
configuration of the microgrid). The results of the sensitivity analysis



A. Monforti Ferrario, A. Bartolini, F. Segura Manzano et al.

Table A1.1

H,-only simulation results (yearly) in function of electrochemical sys-
tems’ nominal power.

Parameters: Vi, =1m°>.

Variable Pej pom (Prenom 10 KWe; V=1 m3)
1 kvve,nom 2 kvve,nom 5 kWe,nom 10 kwe,nom
E, (MWh)  3.36 4.49 5.07 4.97
E. (MWh)  1.17 1.56 1.79 1.81
LLy, (%) 24.74% 17.71% 13.53% 13.22%
OPy, (%) 60.55% 53.59% 50.05% 50.66%
Ness (%) 34.25% 34.39% 35.10% 36.14%
Variable Py, o (Pejnom 10 K<We nom; Vign=1 m3)
1kWepom 3.3 KkWepom 6.6 KWepom 10 KW nom
E, (MWh)  4.50 4.97 4.98 4.97
E¢. (MWh) 1.64 1.80 1.81 1.81
LLy, (%) 16.33% 13.30% 13.27% 13.22%
OPy, (%) 53.54% 50.57% 50.61% 50.66%
Ness (%) 36.02% 35.94% 36.02% 36.14%

are therefore comparable with the baseline simulation results reported
in Table 8.

Although the effect of varying the nominal power of the electrochem-
ical conversion systems is important, the results obtained in this Annex
justify the simplificative assumption to neglect the systematic variation
of Pgj nom and Py o in the optimal design search. Also, given the para-
metric approach to the optimization process implemented in this study,
a complete analysis via parametric analysis all possible combinations
of Pej noms Pe,noms Qbatt and Viap, would be lengthy and cumbersome
(2000 possible Qy,/Viani combinations, each of these with 16 possible
Pe1nom/Pte,nom combinations, leading to 32,000 possible scenarios).

Al.1. Single component ESS - H2 only

In Table Al.1 the base-case results of the single-component H,-only
configuration are shown, with a parametric variation of Pgj oy and
Pf nom- The variation of the electrolyser nominal power shows a greater
impact both on the energy processed by the H, ESS and on the per-
formance parameters LLq,, OPy, and #pgg with respect to a variation of
the fuel cell nominal power, since if less hydrogen is produced by the
electrolyser (upstream component), less hydrogen is available to be con-
sumed by the fuel cell (downstream component) — confirming that the
correct sizing of the electrolyser is more critical than correct sizing of
the fuel cell.

By increasing Pgj nom from 1 kW o, to 2 kW, o, Eg and Eg. both
increase relevantly of around 33%, however a plateau region is reached
between 5 kW o, and 10 kW, ;,,,, which was expectable due to the
maximum value of P, approximately equal to +8 kW. LL,, and OP,,
are decreased of around 7%, respectively, while the storage efficiency
ngss is only marginally increased by 0.14%. However, increasing the
nominal power in the range 2-10 kW, ,,r,, both the total energy volume
processed (10% increase of E and Eg.) and the performance parame-
ters (3—4% reduction of LL,, and OP,,; 0.15% increase of 5gg) are only
slightly affected.

Similarly, increasing Py yom from 1 to 3.3 kW, ., the E and Eg, are
only increased by 10% and then remain almost constant with further in-
crease of Pg. ., which was also expectable due to the minimum value
of P..;, approximately equal to —3 kW. The LLy, and OP,, are reduced
by 3% in the 1-3.3 kW, o, range, which is less than half of the impact
obtained by varying P om, remaining almost constant despite increas-
ing Pg. nom t0 10 kW, . The variation of nygg is extremely limited for
varying Py pom (less than 1%).

Al.2. Hybrid ESS - Battery priority EMS

The effect of Pepom and Pg oy under battery-priority EMS
is extremely limited due to the small energy volume processed
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Table A1.2

Battery-hydrogen (H,-priority) simulation results (yearly) in func-
tion of electrochemical systems’ nominal power.

Parameters: Q=100 Ah; V,,,, =1m®.

Var. Penom (Prenom 10 kW3 Vigp=1 m* Q;,;=100 Ah)
1 kVve,nom 2 kvve,nom 5 kWe,nom 10 kVve,nom
E. (MWh) 3.36 4.48 5.05 4.96
E¢. (MWh) 1.17 1.56 1.79 1.81
LLy, (%) 23.77% 16.42% 12.29% 12.06%
OPy, (%) 60.29% 53.26% 49.77% 50.37%
Ness (%) 35.20% 35.41% 36.00% 36.94%
Var. Pfc,nom (Pel,nom 10 kwe; Viank=1 m3; Qbartt=100 Ah)
1 kW, 1om 3.3 kW om 6.6 kW, om 10 kW, jom
E., (MWh) 4.48 4.97 4.98 4.96
E;. (MWh) 1.63 1.80 1.81 1.81
LLy, (%) 15.28% 12.20% 12.06% 12.06%
OP,, (%) 53.32% 50.27% 50.30% 50.37%
ngss (%) 36.87% 36.67% 36.85% 36.94%

(<700 kWh/year) by the hydrogen components. No significant effect
is produced on both LLy, and OP,, by varying both P ;o and P pom
in the range 1-10 kW ;,,, unless for very low electrolyser sizes (P¢j nom
below 1 kW, ;,o, with a maximum impact on LL,, below 5%).

A1.3. Hybrid ESS - H, priority EMS

For the H,-priority EMS the effect of Py ;o and P o do affect
the main performance parameters LL and OP considering that the H,
systems prioritization (Table A1.2) induces a larger processed energy
volume, although the overall impact is still quite limited, excluding for
the 1-2 kW, ;o range.

Similarly to the Hy-only case, by increasing Pgj pop, from 1 kW, to
2 kW, an increase of around 33% is seen in the energy volumes (Eq
and E¢.) with a consequent reduction in LL,, and OP,, around 7% and
a slight improvement of nggg of 0.21%. Instead, in the 2-10 kW, por
range, the impact on the energy volumes is only around 10-14% hence
inducinga variation of only 3-4% on the LL% and OP%. The #ggg in-
creases of around 2%, mainly due to moderate current loadings on elec-
trolyser and fuel cell, which contain the voltage losses.

By increasing the Py, o, from 1 kW, to 2 kW, the energy volumes
(Eq and Eg) are increased by 10%; while LL,, and OP,, are only re-
duced by 3%. In the 2-10 kW, ,,,,, range, both energy volumes and per-
formance parameters are hardly affected (<1%). The storage efficiency
ngss is hardly affected (<0.1%) by the variation of Pg, oy, (variation
range 36.85-36.94%)

Although the energy processed by the hydrogen ESS is similar to the
H,-only scenario, the hybrid ESS scenario presents a relevant improve-
ment of the performance parameters respect to the H,-only scenario.
The LLy, in hybrid conditions is in average 1-1.5% lower than in H,-
only conditions; instead the OP,, improvement of hybridised conditions
is limited to around 0.3% respect to the H,-only scenario. Also with
regards of efficiency, the hybrid ESS scenario presents a slight improve-
ment in storage efficiency (around +1% in 5ggg in all configurations).
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