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a b s t r a c t 

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 2 -only, hybrid battery priority and hybrid H 2 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 𝜂ESS (%) 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 2 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 2 capacity is more useful to absorb large quantities of excess energy. The 
optimal design via PSO technique is complemented to the parametric study. 
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. Introduction 

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

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

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

RES-based microgrids with hybrid battery/hydrogen storage at res-
dential scale are a representative and economically feasible test bench
or high RES penetration conditions in the large scale [15] . In fact,
nalysing the power/energy balance at system level allows to under-
tand the impact of different ESS sizing configurations on energy supply
ecurity, overproduction, cost, environmental impact and other impor-
rticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ant performance indicators, which are useful to project in high RES
enetration scenarios [ 16 , 17 ]. 

In addition, PV powered households entail a huge potential impact in
erms of emission reduction [18] being representative of the residential
ector which today is supplied by grid electricity which presents high
rimary Energy Factors and CO 2 emissions [ 12 , 19 ]. In addition, the de-
and shape of the residential sector is highly variable, characterised

y high peak/baseload ratios, which exacerbates the mismatch between
ES generation and continuous load supply [ 20 , 21 ]. 

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

The main tools and methodologies used for optimal storage sizing in
icrogrid environments have been comprehensively reviewed by Hos-

einalizadeh et al. [22] , Erdinc et al. [23] and Abdin et al. [24] . Each ESS
izing configuration is evaluated according to a set of output parame-
ers for energy supply security, efficiency, cost or environmental impact
hich quantify the performance of a microgrid. According to the specific
pplication requirements or operational criteria, one or more objective
unctions are determined and the sizing characteristics of the microgrid
omponents are optimized in order to minimize/maximize such objec-
ive function. 

On the other hand, simulation tools are mainly divided into two cat-
gories: (i) aggregate analyses based on efficiency parameters for each
omponent (mainly developed in HOMER) or (ii) model-based analyses
here each component is simulated in detail (mainly customly devel-
ped in MATLAB/Simulink). The aggregate approach is advantageous
n terms of computational effort, reducing the complexity of each anal-
sed case. However, the output results can be somewhat unrealistic from
n operational point of view. For example Gangwar [25] and Eltamaly
26] both use an aggregate methodology, which is strongly limited in the
ssessment of the hourly microgrod perfomance. On the other hand, the
odel-based approach is much more accurate in terms of operational

esults – as done by Li et al. [ 27 , 28 ] – and is able to assess different En-
rgy Management Strategies “EMS ” [29] , although at the cost of higher
omplexity and computational time is required. 

The identification of the optimal values of the ESS sizing character-
stics can be achieved with different methodologies. The simplest ap-
roach used in literature is by parametric analysis [ 30 , 31 ], where the
hole search space is simulated and analysed, finding the optimal solu-

ion directly from the simulation of the entire workspace. This approach
as the advantage of showing not only the optimal solution but also the
ariation trends of the selected performance parameters with the varia-
ion of the decision variables also for non-optimal regions of the search
pace, which might be of interest. However, such method is limited to a
mall amount of variables and presents increased computational burden
iven the lack of an efficient search method [32] . 

To address to such limitation, one of the most widespread numeric
earch algorithm is the Particle Swarm Optimization “PSO ” which is
haracterised by its simplicity of implementation, rapid convergence
nd high number of input variables which can be potentially processed,
hich 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
dentify the optimal sizing configuration and cost of the hybrid battery-
ydrogen ESS in a real RES-microgrid which supplies a realtime resi-
ential load towards island operation. The paper also contributes to (ii)
nalyse the impact of increasing self-sufficiency ratios of a residential
ser in terms of storage capacity and cost of the supplying microgrid. 

The objectives of the paper are pursued using a detailed component-
rientated model-based approach (previously calibrated by the authors
ith experimental data [ 33 , 34 ]) with four different rule-based EMS
hose system performance under fixed storage capacity has been anal-
sed in previous work by the authors [ 33 , 35 ]. The search for the optimal
torage configuration (which is the main step forward respect to the pre-
ious work of the authors) is carried out with a parallel approach via
2 
 multi-dimensional sensitivity analysis and a PSO algorithm, in order
o understand trends between the design variables and performance pa-
ameters or to quickly identify the optimal configuration, respectively. 

The literature gap consists in the fact that most of the analysed stud-
es either implement only one ESS [ 31 , 36 ] or analyse the impact of one
ariable 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
attery-hydrogen ESS sizing optimization [ 27 , 28 , 30 ]. None of the re-
ised papers address the variation of more than one design parameter
ontemporarily or under different EMS. All the aspects previously listed
epresent elements of novelty for the proposed paper. 

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

In order to analyse different ESS configurations from an energy ca-
acity point of view (kWh useful ), the sizing paraemters V tank and Q batt 
re varied in a wide search space and optimal sizing configurations are
earched by applying both parametrical analysis and a Particle Swarm
ptimization (PSO) [48] search method, coupled with a model-based

imulative approach under 4 energy management strategy scenarios
battery-only, H 2 -only, hybrid battery priority, hybrid H 2 priority). Cost
ptimal sizing solutions are found and compared for each scenario for
ecreasing thresholds of Loss of Load “LL ” (from 10% to 1% respect to
he nominal load energy), in order to analyse the technical and economic
erformance trends of the system for increasing grid independence, ex-
lusively achieved by local zero-emission renewable energy sources. 

. Materials and methods 

In Section 2.1 and 2.2 the case study is described in terms
f microgrid topology, component characteristics ( Section 2.1 ) and
ime-dependant input data – meteorological and demand profile –
 Section 2.2 ). Section 2.3 presents the modelling tools utilized in
he present work. The component modelling is only summarized in
ection 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
icrogrid based on custom MATLAB code, including empirical valida-

ion & error analysis for each specific component. In the same fashion,
he system modelling is only briefly mentioned in Section 2.3.2 since
he power despatch algorithms are thoroughly described in the previ-
us works [ 33 , 35 ]. For specific details the reader should refer to such
revious works. 

.1. Huelva microgrid – configuration 

The storage sizing analysis is tailored for the case study of the hybrid
enewable microgrid located in Huelva, Southern Spain, whose simpli-
ed scheme is illustrated in Fig. 1 . The microgrid presents several renew-
ble energy systems at kW-scale which represents a suitable test bench
or studying hybrid energy systems. The RES production side (15 kW p 
V panels, 3 kW Wind Turbine “WT ”) feed power without limitation into
he DC bus, according to the available meteorological resources. A hy-
rid battery-hydrogen ESS (40.8 kWh lead acid battery and a hydrogen
oop composed of a 10 kW Alkaline Electrolyser “ALKEL ” and PEM Fuel
ell “PEMFC ”) is installed to absorb and discharge energy from/into the
C bus. Both storage systems can act complementarily according to the

mplemented EMS despatch algorithm, providing various possibilities in
erms of net power management within the microgrid boundaries. The
ain technical caracteristics of the microgrid components are listed in
able 2 . 

The microgrid is considered to supply a residential load connected to
he AC bus; the power is assumed to be exchanged internally on the DC
us and exchanged with the load (connected in the AC side) via the main
nverter. In its present configuration, the microgrid presents a bidirec-
ional grid connection on the AC bus. However, since the scope of this
tudy is to analyse the behaviour of the microgrid towards island op-
ration 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 
analysis 

• Fast modelling of hybrid battery/H 2 systems 
• Many decision variables analysed 

• No detailed hourly operational data 
• In-built optimization tool (sub-optimal 

regions not assessed) 

[ 16 , 27–30 , 32 , 33 , 35 , 41–47 ] Model based 
Optimization 

• Component-orientated 
• Detailed hourly operational data 
• Customizable EMS 
• Advanced optimization tools (Particle Swarm, 

Genetic Algorithms, MILP, Fuzzy logic) 

• Complex modelling environment 
• High computational burden 
• Optimization process unrelated to physical 

components 
• Experimental data required for model 

validation 

Authors’ proposal • Multi-dimensional sensitivity analysis 
• Model based 1 & 2-variable analysis 

(contemporary) 
• Sub-optimal regions are analysed 
• PSO algorithm 

• Fast convergence to optimal configuration 

• Multi-dimensional sensitivity analysis 
• Non-optimal search method → simulate entire 

search space 
• Limited amount of analysed variables 
• PSO algorithm 

• No information on sub-optimal regions 

Fig. 1. Hybrid renewable microgrid at University of Huelva. 
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rom the grid represents the Loss of Load and the energy export towards
he grid represents the Over Production “OP ” from RES generation. In
his way the microgrid stand-alone response is simulated, without actu-
lly requiring an actual stand-alone operation of the system. 

Since the objective of the study is to analyse the performance of the
ydrogen ESS in terms of energy capacity rather than charge/discharge
ynamics, the systematic variation of the electrolyser and fuel cell rated
ower values (P el,nom 

, P fc,nom 

) has not been considered. This assumption
s justified by the fact that – as shown in Annex I – a variation of such pa-
ameters has limited impact on the overall performance parameters (LL,
P, 𝜂ESS ) in the range between 2 and 10 kW e,nom 

(especially for the fuel
ell, which is the downstream component). Only for very small nominal
ower values (i.e. ≈1 kW e,nom 

) a significant impact on the performance
3 
arameters is found which, however, is not an area of interest of the
earch space (proximate to implementing no storage). Furthermore, the
ariation of the nominal power of the electrochemical systems would
ndermine the validity of the empirical models used ( Table 3 ) which
re calibrated on the base-case nominal power values (10 kW e,nom 

for
oth systems), hindering the validity of the obtained results. 

.2. Input data 

.2.1. Meteorological data & analysis 

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

Baseline parameters of the microgrid components. 

Component SupplierModel Nominal Parameters 

PV panels 
mono/poli/a-Si 

Isofoton® ISF-250 
Atersa® A-230P 
Schott® ASI 100 

3 × 5 kW p 

Wind Turbine (WT) Enair®
E-30PRO 

3 kW 

Alkaline electrolyzer 
(ALKEL) 

Nitidor®
Standard line 

10 kW e 

2 Nm 

3 
H2 /h 

Hydrogen tank Lapesa® 1 m 

3 , 30 bar 
PEM Fuel Cell 
(PEMFC) 

Ballard®
FCgen 1020ACS 

3 × 3.3 kW e 

3 × 2 Nm 

3 
H2 /h 

Lead-acid battery bank 
(BATT) 

U-Power® UP100–12 34 × 12 V 
100 Ah 
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Fig. 2. Yearly heatmap data of (top) solar radiation (tilt angle 𝜑 = 45°); (middle) 
ambient temperature; (bottom) wind speed (HH = 25 m). 

p
b  

w  

c  

b  

t  

o
 

i  

i  

t  

c  

t  

P  

g  

g  

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

The solar radiation resource (W/m 

2 ) presents a strongly seasonal
nd daily trend, peaking around 1000 W/m 

2 in daytime summer season
hich is reduced to around 400 W/m 

2 in the winter season, obviously
adiation is null in night-time. 

The average radiation during the daytime is 355 W/m 

2 and the
early irradiation is around 1.55 MWh/year. Also the ambient tempera-
ure follows a similar seasonal trend, with a fairly constant temperature
uring summer (20–25 °C) and mild temperatures during the winter
10–15 °C), typical of subtropical climates [53] . In contrast, wind speed
s fairly low all around the year, presenting a yearly average equal to
.4 m/s with a slight increase in winter (6.2 m/s during February) af-
ernoons. 

.2.2. Load data & analysis 

As previously mentioned the microgrid is analysed considering a real
esidential load whose data (2019) is obtained by the monitoring of
 100 m 

2 residential dwelling of a 12-apartment building, located in
uelva, Spain [53] – Fig. 3 . The dwelling consists of a single-family
ouse with an occupancy of 4–5 people with a preferential use dur-
ng the morning and evening and during winter season. The thermal
emands of the dwelling are partly met by supporting electrical com-
Table 3 

Summary of microgrid component modelling. 

Comp. Model approach Main Equations 

PV STC correction 𝑃 𝑃𝑉 = 𝑃 𝑆𝑇𝐶 
𝐺 

𝐺 𝑆𝑇𝐶 
( 1 + [ 𝛼; 𝛽]( 𝑇 𝑃 

WT Piece-wise power curve 𝑃 𝑊 𝑇 = 0 → 𝑉 𝐻𝐻 < 𝑉 𝑐𝑢𝑡 − 𝑖𝑛 
𝑃 𝑊 𝑇 = 𝑓 ( 𝑣 3 𝑤 ) → 𝑉 𝑐𝑢𝑡 − 𝑖𝑛 < 𝑉 𝐻𝐻 

𝑃 𝑊 𝑇 = 𝑃 𝑊 𝑇 ,𝑛𝑜𝑚 → 𝑉 𝑛𝑜𝑚 < 𝑉 𝐻𝐻 

𝑃 𝑊 𝑇 = 0 → 𝑉 𝐻𝐻 > 𝑉 𝑐𝑢𝑡 − 𝑜𝑓𝑓 
ALKEL Empirical I-V polarization curve 

I-P power curve 
PEMFC �̇� 𝐻 2 = 𝜂𝐹 ( 

𝑁 𝑐𝑒𝑙𝑙𝑠 𝐼 

𝑧𝐹 
) 

H 2 tank Ideal gas 𝑝𝑉 = 𝑛𝑅𝑇 
Δ𝑝 𝑡𝑎𝑛𝑘 = 

Δ𝑛𝑅𝑇 
𝑉 𝑔𝑒𝑜𝑚 

BATT Tremblay (adapted) 𝐼 𝑏𝑎𝑡𝑡 > 0 
𝑉 𝑏𝑎𝑡𝑡 = 𝑉 𝑜𝑐 − 𝐾 

𝐶 𝑛 

𝑆𝑂𝐶+0 . 1 𝐶 𝑛 
𝐼 𝑏𝑎𝑡𝑡 −

𝐼 𝑏𝑎𝑡𝑡 < 0 
𝑉 𝑏𝑎𝑡𝑡 = 𝑉 𝑜𝑐 − 𝐾 

𝐶 𝑛 

𝐶 𝑛 − 𝑆𝑂𝐶 
𝑆𝑂𝐶 + 

𝑆 𝑂𝐶 = 𝑆 𝑂 𝐶 0 − 
𝐼 𝑏𝑎𝑡𝑡 𝑡 

𝐶 𝑛 

4 
onents (Air conditioning “A/C ”, Heater, Domestic Hot Water “DHW ”
oiler) which mainly operate in electric heating mode during winter,
hile electric cooling is seldom used due to the advantageous subtropi-

al climate during summer. All the circuits are continuously monitored
y voltage and current sensors which send the measured data every 5 s
o the data acquisition system specifically developed by the University
f Huelva. 

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

− 𝑇 𝑆𝑇𝐶 ) ) ( 1 + 𝛿 ln ( 
𝐺 

𝐺 𝑆𝑇𝐶 
) 
2 
) (1) [ 28 , 58 ] 

< 𝑉 𝑛𝑜𝑚 

< 𝑉 𝑐𝑢𝑡 − 𝑜𝑓𝑓 

(2) [ 15 , 59 ] 

[ 33 , 34 ] 

(3) [60] 

(4) [ 33 , 46 ] 

 𝐾 
𝐶 𝑛 

𝐶 𝑛 − 𝑆𝑂𝐶 
𝑆𝑂𝐶 + 𝐴 𝑒 𝐵⋅𝑆𝑂𝐶 + 𝑅 𝑖𝑛𝑡 𝐼 𝑏𝑎𝑡𝑡 

(5) [ 41 , 61 ] 

𝐾 𝐼 𝑏𝑎𝑡𝑡 
𝐶 𝑛 

𝐶 𝑛 − 𝑆𝑂𝐶 
− 𝐴 𝑒 − 𝐵 𝑆𝑂𝐶 + 𝑅 𝑖𝑛𝑡 𝐼 𝑏𝑎𝑡𝑡 

(6) [ 41 , 61 ] 

(7) [33] 
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Fig. 3. (Top) Monitored yearly total load; (bottom) resampled monthly load –
average daily (0–24 h). 
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Fig. 4. Aggregate monthly energy consumption by circuit. 
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hroughout the year. The contracted capacity is equal to 4.4 kW which
s never reached in the analysed data. 

In Fig. 3 the average daily resampling (0–24 h) of the load instanta-
eous power (W) is shown for each month. The daily profiles show typi-
al “M-shape ” demand pattern which is typical for residential dwellings,
ith two evident daily peaks (one in the early morning, one in the

vening) related to domestic activities and occupancy, counterbalanced
y an intermediate valley period during midday and a baseload pro-
le during nighttime [ 20 , 55 ]. The seasonal trend of the electrical load
an also be seen in Fig. 3 , showing an overall decrease of the peaks
uring the summer period due to the absence of electrical cooling dur-
ng the summer. During summer (June-September), the daily profile is
attened, due to the avoided demand spikes required by the electrical
eating appliances (only general purpose appliances). The resampled
aily profiles show relatively lower peak values (1.5 kW in January or
ebruary vs. up to 3.5 kW seen in the non-resampled yearly data – as
een in Fig. 3 ), meaning that such peak values are non-recurrent and
wamped during the resampling. Although the peak demand values are
ot statistically significant, they may prove detrimental for the State of
harge “SOC ” of the ESS, demanding high currents for limited amounts
f time. This aspect highlights the importance of operating with power-
ased hourly data instead of aggregate energy-based monthly or yearly
ata, for which such effects are swamped out [ 47 , 56 ]. The resampled
aseload power, on the other hand, is fairly constant throughout the
ear and aligned to the non-resampled yearly data. 

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

The monthly average energy consumption of 466.7 kWh/month and
 specific energy consumption of around 55 kWh/m 

2 year classifies the
welling as Minimum Energy Building “MEB ” [57] , with a yearly cumu-
ative energy consumption equal to 5.66 MWh/year. The most energy-
onsuming end circuits result to be the electric boiler for DHW with 34%
f the total yearly demand, followed by the general appliances (each
round 11–13%) and the electrical heater (12%). 
5 
The temporal analysis of the aggregate monthly electricity consump-
ion ( Fig. 4 ) shows a similar behaviour with what discussed for the
ower data ( Fig. 3 ). A decreasing trend can be observed during sum-
er (up to − 35% in August and September respect to the average) with

espect to the winter period (with the peak consumption in February
ith + 25% respect to the average). The variations are mainly due to

he electrical heating components in winter (heater and DHW support
oiler, accounting together for 46% of the yearly electricity consump-
ion), which is not counter-balanced by the cooling equipment in sum-
er which is seldom used (A/C, accounting for only 1% of the yearly

lectricity consumption). The reduction in energy consumption in sum-
er is also due to the reduced utilization & occupancy of the dwelling by

he inhabitants. The trend of the monthly consumptions of the general-
urpose loads are rather stable throughout the year. 

.3. Summary of microgrid modelling 

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

The system modelling (Section 2.3.3), developed in Simulink envi-
onment, implements a high-level Energy Management Strategy “EMS ”
pproach which is useful to perform long-term simulations, with the ob-
ective of analysing the aggregate yearly energy fluxes exchanged by the
icrogrid. The model calculates the power balance in hourly timestep

etween the renewable power generation P RES and the demand power
 load (according to the hourly meteorological data and load data respec-
ively) on the DC bus as shown in Eq. (8) and assigns net power (P net )
etpoints to the ESS according to the implemented EMS logic [29] . 

𝑃 𝑖 = 0 → 𝑃 𝑛𝑒𝑡 = 𝑃 𝑅𝐸𝑆 − 𝑃 𝑙𝑜𝑎𝑑 (8)

From an energy standpoint, local component control is neglected (al-
hough physically it is in place); in fact an hourly timestep is far greater
han the characteristic timestep of typical control systems – which is in
he 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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Fig. 5. Global EMS concept scheme. 
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Fig. 6. Battery-priority EMS logical scheme. 
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e initialized, in this case they are set to 50% of each ESS nominal ca-
acity. 

.3.1. Summary of microgrid component models 

The PV output power has been simulated as a correction model of the
ominal power P n obtained under Standard Testing Conditions “STC ”
ccording to the incident inclined solar radiation at given panel tilt angle
nd 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
urve 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
s considered between cut-in and cut-off wind speed and constant power
peration beyond nominal wind speed. 

The electrolyser and fuel cell systems have been modelled by im-
lementing the empirical polarization and power curves obtained from
he installed systems in Huelva [ 33 , 34 ] in their typical operation range:
n fact, alkaline systems are usually operated at lower power density
anges (0.1–0.8 W/cm 

2 ) [63] , respect to PEM systems (0.5–1 W/cm 

2 )
64] due to the higher conductivity of the electrolyte [ 63 , 65 ]. 

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

The battery modelling is based on the dynamic battery model pro-
osed by Tremblay [61] , adapted by Valverde et al. [41] with decoupled
elationships for charge & discharge voltage in function of current and
OC. 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-
ery unit of the same type of the battery bank. 

.3.2. Summary of energy management strategy algorithms 

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

For the single component ESS scenarios the despatch algorithm is
rivial since all the net power is dispatched to the ESS until it is avail-
ble. For the hybrid ESS scenario two previously developed EMS state
6 
ontrol based despatch algorithms are implemented [ 33 , 35 ]: i) bat-
ery priority EMS and ii) H 2 priority EMS. The logical structure of the
MS is done by checking the storage control parameters – the bat-
ery SOC and H 2 tank pressure p tank – are within the admissible range
SOC min ; SOC max ; p tank,min ; p tank,max ]. Considering the pre-established
riority, it will be the battery bank (battery-priority) or hydrogen system
hydrogen-priority) which guarantees the power balance in the first and
econd instance. Ultimately, if both storage systems are unavailable, the
et power cannot be provided/used resulting in unmet load (P net < 0) or
xcess electricity (P net > 0) due to the considered island operation mode.
n Fig. 6 and Fig. 7 the two implemented EMS logical schemes are illus-
rated. 

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

A hysteresis bandwidth is defined for which as soon as an ESS be-
omes unavailable due to having reached either the lower or upper limit
f the control parameter range, the ESS will remain unavailable until the
estoration limit [SOC low 

; SOC high ; p tank,low 

; p tank,high ] is reached.For ex-
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Fig. 7. Hydrogen-priority EMS logical scheme. 

Table 4 

EMS control parameters. 

Parameter Unit Value 

Correct operation limits [ 33 , 35 , 67 ] 
p tank,min bar 1 
p tank,max bar 30 
SOC min % 20 
SOC max % 80 
Hysteresis limits (bandwidth 10 bar; 10% SOC) [68] 
p tank,low bar 10 
p tank,high bar 20 
SOC low % 30 
SOC high % 70 
Power threshold limits [ 27 , 46 ] 
P el,max P el,nom 

P fc,max P fc,nom 

C max 5C 
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Table 5 

ESS sizing characteristics variation envelope. 

ESS variable Battery-only H 2 -only Hybrid battery-H 2 

Q batt (Ah) 50–1000 0 50–1000 
V tank (m 

3 ) 0 0.5–10 0.5–10 
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mple, if the battery is discharged below 20% of the SOC, the battery
ill only allow charging mode until having reached the hysteresis SOC

imit of 30%, before being able to discharge again. Hysteresis bandwidth
s implemented in order to avoid continuous on/off situations in case of
SS unavailability, which could oscillate around the control variable
imit indefinitely. Also, when an ESS is unavailable or within the hys-
eresis bandwidth, the restoration of such ESS becomes automatically
rioritized with respect to normal operation – with the aim to always op-
rate with the two complementary ESSs available (otherwise the hybrid
cenario would rapidly fall into either battery-only or H 2 -only scenario).

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

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

. Energy storage scenarios 

The microgrid energy storage configuration is simulated in four sce-
arios: ( i ) battery-only, ( ii ) H 2 -only, ( iii ) hybrid battery priority and ( iv )
ybrid H 2 priority. While for the single component scenarios P net can
nly be dispatched to the installed ESS in the hybrid scenario P net is
ispatched according to the implemented EMS. 

The ESS sizing characteristics variation envelope ( Table 5 ) has been
elected in order to assess a comparable useful stored energy range of
–350 kWh (considering the DC bus nominal voltage of 400 V, standard
7 
 2 density of 0.0898 kg/Nm 

3 and LHV H2 equal to 33.33 kWh/kg), net
f the nominal round-trip efficiency of the components at nominal con-
itions, assessed as 85% for the battery (round-trip) [45] , 75% for the
lectrolyser and 50% for the fuel cell [69] . The capacity of the hydrogen
SS is varied with the geometrical volume V tank (m 

3 ) of the tank while
he battery ESS is varied by the battery nominal capacity, Q batt (Ah), in
rder to maintain the voltage of the DC bus fixed to the design value
f 400 V dc . In fact, the battery bank voltage directly defines the DC bus
oltage since the batteries are directly connected to the busbar ( Fig. 1 ).

The parametric variation of the ESS sizing characteristics is evalu-
ted by the Loss of Load and Over Production performance parameters
nd their percentages (LL % 

and OP % 

) as defined in Eq. (9) and Equation
0: 

 

𝐿𝐿 = 𝐸 𝑔𝑟𝑖𝑑,𝑖𝑛 → 𝑖𝑠𝑙𝑎𝑛𝑑 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐿 𝐿 % = 

𝐿𝐿 

𝐸 𝑙𝑜𝑎𝑑,𝑛𝑜𝑚 

(9) 

 

𝑂 𝑃 = 𝐸 𝑔𝑟𝑖𝑑,𝑜𝑢𝑡 → 𝑖𝑠𝑙 𝑎𝑛𝑑 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝑂 𝑃 % = 

𝑂𝑃 

𝐸 𝑃𝑉 + 𝐸 𝑊 𝑇 
= 

𝑂𝑃 

𝐸 𝑅𝐸𝑆 

(10) 

here E i is the cumulative yearly energy (kWh) –integration of the in-
tantaneous power in time – related to each analysed component 𝑖 . 

The LL parameter represents the portion of the nominal load energy
 𝑙𝑜𝑎𝑑,𝑛𝑜𝑚 that the microgrid system is not able to supply and is supplied
y the grid 𝐸 𝑔𝑟𝑖𝑑,𝑖𝑛 in grid connected mode. The nominal load energy
 𝑙𝑜𝑎𝑑,𝑛𝑜𝑚 is considered fixed equal to the sum of the load demand, even

n the case the unmet energy 𝐿𝐿 is not equal to zero. On the other hand,
he OP parameter represents the amount of energy produced by the RES
ystems 𝐸 𝑃𝑉 + 𝐸 𝑊 𝑇 , which is not used in the system and injected back
nto the grid, 𝐸 𝑔𝑟𝑖𝑑,𝑜𝑢𝑡 . 

An overall storage efficiency parameter 𝜂𝐸𝑆𝑆 is defined as the ra-
io between the useful energy discharged by the ESS, 𝐸 𝑜𝑢𝑡,𝐸𝑆𝑆 and the
nergy initially stored into the ESS, 𝐸 𝑖𝑛,𝐸𝑆𝑆 as shown in Equation 11. 

𝐸𝑆𝑆 = 

𝐸 𝑜𝑢𝑡,𝐸𝑆𝑆 

𝐸 𝑖𝑛,𝐸𝑆𝑆 

(11) 

The general objective for this study is to optimize the operation of the
icrogrid in island mode, therefore minimizing LL and increasing the

verall energy supply security of the microgrid [17] . Minimization of OP
s only preferable (but in this specific case not of primary importance) in
rder to enhance the rational use of renewable energy, avoiding that the
xcess energy is sent to the grid with minimal valorisation or curtailed.
ach energy storage scenario is assessed by running parallel Simulink
imulations in each ESS configuration with parametric variation of each
izing parameter (Q batt and V tank ) within the range reported in Table 5 ,
ith a variation step of 10 Ah and 0.5 m 

3 , respectively. 
A sensitivity analysis of the electrolyser and fuel cell nominal power

alues P el,nom 

and P fc,nom 

in a range of 1–10 kW e,nom 

is provided in
nnex I. 

.1. Preliminary economic analysis and cost optimization for target LL % 

hresholds 

Although increasing the size of ESS is always beneficial from an en-
rgy security point of view (reducing LL and OP for unbalanced en-
rgy systems), the increase in cost with size should be analysed [15] .
n Table 6 , the main economic parameters of the ESS are summarized
o assess the cost (CAPEX, replacement & OPEX) of different ESS con-
gurations 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% CAPEX /y 10 y [ 13 , 72 ] 
H 2 tank 2000 €/kg 2% CAPEX /y 20 y [ 13 , 72 , 73 ] 
PEMFC 1500 €/kW 5% CAPEX /y 10 y [ 13 , 72 ] 
BATT 200 €/kWh 5% CAPEX /y 10 y [ 72 , 74 ] 
Energy cost 

Tariff €/kWh Ref. 
LL penalty 8.7 [ 28 , 32 , 70 , 71 ] 
OP remuneration 0 

i  

p  

c  

s  

t  

s
 

e  

p  

p  

s
 

V  

p  

s  

e  

t  

b  

o  

c  

r  

s

3

 

u  

f  

i  

m
 

t  

a  

t  

C  

t  

p  

p  

O  

(  

t

𝐶  

𝐶

{  

𝐶  

Fig. 8. Scheme of the PSO optimization process. 
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s given as annual rate in percentage function of CAPEX and the com-
onent lifetime determines the replacement frequency. Replacement of
omponents is considered at full CAPEX, which is a conservative as-
umption since most balance of plant components present longer life-
imes. No financial cost is considered due to the small-scale of the energy
ystem which does not imply a financial structure. 

For the H 2 ESS, not only the tank cost is considered but also the
lectrolyser and fuel cell costs, since these components are an integral
art of the ESS. However, since the electrolyser and fuel cell nominal
ower are fixed, the electrolyser and fuel cell costs behave as a constant
ummed to the tank cost. 

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

.2. Optimal design strategy 

The cost optimization module is run on the basis of the energy sim-
lation results, in order to assess the optimal storage sizing and cost
or decreasing LL % 

thresholds (equal to 10%, 5% and 1%), towards full
sland operation (LL % 

equal to 0%, i.e. fully self-sufficient RES based
icrogrid). 

The optimal design of the ESS is assessed as a two-variable func-
ion of the storage capacities of the two ESS systems (Q batt and V tank ,
s previously discussed). The objective of the optimization process is
o identify the configuration that yields the least total storage cost
 tot,ESS ( Eq. (12) ), which includes: i) the total CAPEX cost of the sys-
ems ( Eq. (13) ) calculated respect to the storage capacities; ii) the re-
lacement cost C replace ( Eq. (14) ) of each system according to the com-
onent lifetime respect to the analysed time horizon (20 years); iii) the
PEX cost C OPEX,ESS including O&M cost and penalisation cost for LL
 Eq. (15) ). The cost equations which compose the cost objective func-
ion to be minimized are the following: 

 𝑡𝑜𝑡,𝐸𝑆𝑆 = 𝐶 𝐶𝐴𝑃𝐸 𝑋 ,𝐸 𝑆𝑆 + 𝐶 𝑟𝑒𝑝𝑙𝑎𝑐𝑒 + 𝐶 𝑂𝑃𝐸 𝑋 ,𝐸 𝑆𝑆 𝑛 𝑡𝑜𝑡 (12)

 𝐶𝐴𝑃𝐸 𝑋 , 𝐸 𝑆𝑆 = 𝐶 𝑏𝑎𝑡𝑡 + 𝐶 𝑡𝑎𝑛𝑘 + 𝐶 𝐴𝐿𝐾𝐸𝐿 + 𝐶 𝑃𝐸𝑀𝐹𝐶 = 

= 𝑄 𝑏𝑎𝑡𝑡 𝑐 𝑏𝑎𝑡𝑡 + 𝑉 𝑡𝑎𝑛𝑘 𝑐 𝑡𝑎𝑛𝑘 + 𝐶 𝐴𝐿𝐾𝐸𝐿 + 𝐶 𝑃𝐸𝑀𝐹𝐶 (13) 

 

𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒 = 𝑛 𝑡𝑜𝑡 ∕ 𝑛 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 
𝐶 𝑟𝑒𝑝𝑙𝑎𝑐𝑒,𝐸𝑆𝑆 = 𝐶 𝐶𝐴𝑃𝐸 𝑋 ,𝐸 𝑆𝑆 𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒 

(14)

 𝑂𝑃𝐸 𝑋 ,𝐸 𝑆𝑆 = 𝐶 𝑂&𝑀 

+ 𝐿𝐿 𝑐 𝑉 𝑜𝐿𝐿 (15)
8 
Where c batt and c tank represent the specific costs reported in Table 6 ;
 replace is the number of replacements during the time horizon n tot 

years), respect to the lifetime of each component n lifetime (years); C O&M 

s the annual operations & maintenance cost of each system given in
able 6 and c VoLL is the penalisation cost for the LL, equal to the value
f lost load ( €/kWh). 

With the parametric analysis the whole search space is simulated
2000 possible configurations considering the design variables range
nd variation step), the optimal configuration for each LL % 

threshold
s found by extracting the minimum cost configuration of all the cases
ithin a ± 0.5% range of the desired threshold. 

In order to improve such search process, a constrained PSO algo-
ithm has been implemented to search the cost-optimal configuration.
he implementation of the PSO algorithm is done in MATLAB environ-
ent using the “particleswarm ” function [75] . The settings of the PSO

lgorithm and its stopping criterions are reported in Table 7 . Following
he PSO algorithm the function iteratively searches through the given
anges of the design variables and passes them as parameters to the
imulink model. The simulation is executed and through Eqs. (12) to
5 the total storage cost of the simulated configuration is computed.
he logical flowchart of the data exchange between the optimization
ode and the Simulink model is shown graphically in Fig. 8 . The search
ontinues until one of the stopping criteria is met, for which a number of
onsecutive solutions do not show a significant decrease in total storage
ost. A virtual constraint is enforced by applying a very high negative
ost externality on the objective function ( Eq. (12) ) for every kWh of LL
hat exceeds a predefined threshold (the maximum allowable LL % 

). 

. Results and discussion 

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

Fig. 9 shows the overall energy and power balance between the gen-
ration and the load without any ESS in place. In the energy balance,
t can be observed that the PV production is predominant (producing
etween 50% to 95% of the monthly energy in winter and summer re-
pectively) respect to the WT given the favourable solar radiation con-
itions in Southern Spain. The PV production results strongly oversized
espect to the load, the overproduction during spring/summer (March
o September) is 2–5 times the monthly energy demand. Similar results
re found in literature at comparable latitudes [ 2 , 15 , 30 ] in energy sys-
ems characterised by high predominance of PV . Also the shape and
eak/baseload ratio result critical for the energy balance [38] induc-
ng a significant time-shift (0–24 h average resampling) between the
oad (especially in the morning and evening) and the generation (pre-
ominantly PV in solar hours), especially in winter periods (November-



A. Monforti Ferrario, A. Bartolini, F. Segura Manzano et al. Advances in Applied Energy 3 (2021) 100048 

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 Number of consecutive last iterations with objective change less than tolerance 
Function Tolerance 5 e-4 Maximum objective change admissible over the last Max Stall Iterations 

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. 
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Table 8 

Baseline simulation results. 

Scenario Battery-only H 2 -only 

Hybrid battery-H 2 

EMS 
Battery-priority H 2 -priority 

E el (MWh) 0 4.970 0.662 4.959 
E fc (MWh) 0 1.812 0.266 1.808 
E batt,ch. (MWh) 2.789 0 2.399 0.069 
E batt,disch. (MWh) 2.149 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 
E RES (MWh) 16.252 16.252 16.252 16.252 
E load,nom (MWh) 5.601 5.601 5.601 5.601 
Performance parameters 

LL % (%) 8.59% 13.22% 7.22% 12.06% 

OP % (%) 64.40% 50.66% 62.08% 50.37% 

𝜂st or age (%) 75.10% 36.14% 66.21% 36.94% 
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arch) due to electrical heating, requiring an ESS to manage the net
ower. 

.1. Baseline simulations 

The simulation results of the battery-only (Q batt = 100 Ah; V tank = 0
 

3 ) and hydrogen-only (Q batt = 0 Ah; V tank = 1 m 

3 ) baseline scenarios are
hown in Figs. 10 and 11 . It can be observed that the control parame-
ers (p tank and SOC) are successfully controlled within the defined oper-
tional range by the EMS. The system – for both simulated ESS – enters
 deficit phase during autumn/winter (the first and last 1000–2000 h,
here the peaks of demand are highest both in average and in maxi-
um value) where the ESS is discharged and grid support is required
espite the overall oversizing of the RES and ESS systems respect to
he load. Also the time-shift effect (previously described) between RES
roduction and the evening peak of demand is detrimental for the LL.
uring summer (2000 < h < 6500, with minimum demand and increased

olar radiation) the energy balance is strongly dominated by PV over-
roduction and the ESS is saturated to the upper limit; during this period
xcess energy is abundant. 

The baseline hybrid battery-hydrogen scenario (Q batt = 100 Ah;
 tank = 1 m 

3 ) simulation results under the two EMS ( Figs. 12 and 13 )
re similar to those reported and discussed in Monforti et al. [33] and
ivas et al. [35] (simulated under a slightly different load condition),
howing a clear oversaturation period of both ESS period during summer
March to September) and limited deficit periods in winter. The effect
9 
f the ESS prioritization can be clearly seen: in the first case most of the
nergy is processed by the batteries, inducing a stronger variability of
he SOC with respect to p tank ; the opposite happens for the second case
n virtue of the implemented EMS [ 29 , 76 ]. 

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

The increased use of hydrogen generally decreases the overall stor-
ge efficiency ( 𝜂𝐸𝑆𝑆 as low as 34–35% in H 2 -predominant simulations
nd around 50% in the hybrid battery-priority simulation) due to lower
ominal efficiency of hydrogen systems [ 29 , 33 ]. The LL % 

increases and
he OP % 

decreases since a larger volume of energy is converted by elec-
rolysis, which is a highly energivorous process (around 5 MWh/year
bsorbed by the electrolyser against only 2.5–3 MWh/year charged into
he battery) [77] . However, a larger portion of such energy volume is
onverted into losses, according to the lower storage efficiency [ 31 , 45 ].
nstead, the use of batteries increases the storage efficiency (up to 75%
n the battery-only simulation thanks to the higher nominal efficiency),
ecreases 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)

ompared to the excess energy (between 8 and 10 MWh/year), caused
y the summer PV overproduction (E RES equal to 16.25 MWh/year, con-
tant for all scenarios) which leads to high values of OP % 

(between 50
nd 65%) for all scenarios. High OP % 

conditions are frequently reported
n other literature works, due to high RES penetration and down-sizing
f the ESS [ 2 , 15 , 30 ]. 

All hybrid scenarios show better results in terms of LL % 

and OP % 

ith respect to the corresponding single-component scenarios, confirm-
ng the usefulness of a complementary hybrid ESS. A relevant reduction
n LL % 

can be achieved for hybridised scenarios: in particular a reduc-
ion equal to 16% is achieved for the hybridised battery-priority scenario
ompared to the battery-only scenario, and a reduction equal to 9% is
chieved for the hybridised H 2 -priority scenario with respect to the H 2 -
nly scenario. A less relevant reduction of OP % 

is achieved, with a 3%
nd 1% reduction of the OP % 

for battery and hydrogen hybridised sce-
arios respectively, with respect to their respective single-component
cenarios. 
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Fig. 10. Yearly (battery-only) simulation. (Top) power balance (W); (medium) battery SOC (%); (bottom) battery C-rate. Parameters: Q batt = 100 Ah; V tank = 0 m 

3 = 0 
Nm 

3 . 

Fig. 11. Yearly (H 2 -only) simulation. (Top) power balance (W); (medium) H 2 vol V tank (Nm 

3 ); (bottom) H 2 tank pressure p tank (bar). Param.: Q batt = 0 Ah; V tank = 1 
m 

3 = 30 Nm 

3 . 

10 
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Fig. 12. Yearly (hybrid battery-hydrogen) simulation with battery-priority EMS. (Top) power balance (W); (medium) battery SOC (%); (bottom) H 2 tank pressure 
p tank (bar). Parameters: Q batt = 100 Ah; V tank = 1 m 

3 = 30 Nm 

3 . 

Fig. 13. Yearly (hybrid battery-hydrogen) simulation with H 2 -priority EMS. (Top) power balance (W); (medium) battery SOC (%); (bottom) H 2 tank pressure p tank 

(bar). Parameters: Q batt = 100 Ah; V tank = 1 m 

3 = 30 Nm 

3 . 

11 
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Fig. 14. Yearly (battery-only) simulation. Battery SOC (%) & battery C-rate. (a) Q batt = 100 Ah; (b) Q batt = 1000 Ah. 
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.1.1. Single-component ESS parametric analysis results – battery-only and

 2 -only 

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

A similar effect is obtained by the increasing/decreasing of V tank 
 Fig. 15 ), which modifies the hydrogen tank capacity (therefore the H 2 
ass which can be stored at equal nominal pressure) and the system

utonomy. In addition, the maximum load threshold is modified with
cale. 

For the single-component ESS simulation scenarios Fig. 16 reports
he trends of the output parameters LL and OP (and their percentages)
ith the increase of scale. The increase of battery capacity results in a

tronger reduction of the LL from around 2 MWh/year (LL % 

equal to
0%) at low capacity ( < 50 Ah) up to near-zero values at 700 Ah (i.e.
50 kWh stored). However the LL improvement easily reaches a plateau
or large capacities for which further increase of battery capacity does
ot provide positive effects in terms of energy supplied [79] . Instead,
12 
he increase in H 2 storage capacity leads to a less steep reduction of the
L with an almost linear tendency at medium capacity ranges between
 and 8 m 

3 (i.e. 50–275 kWh stored) after a sharp decrease at lower vol-
mes ( < 1 m 

3 ). The minimum LL is around 0.17 MWh/year (LL % 

equal
o 3%), around 15% of the initial value at low tank capacity (V tank equal
o 0.5 m 

3 ). 
Similar challenges in autonomous H 2 operation are found in litera-

ure [80] , where even with a relevant increase of the hydrogen storage
apacity this must be supported by an external support unit (e.g. genset).

The different behaviour of the H 2 system can be explained by a
ultitude of overlapping factors. Firstly, the H 2 ESS (at equal ca-
acity) presents lower round-trip efficiency compared to the battery
SS (see Table 8 ). Secondarily, the PEMFC at nominal operating con-
itions consumes approximately 3 times the hydrogen produced by
he electrolyser in the same time period, leading to an inconsistent
anagement of the tank and the limited maximum storage volume

nd allowed pressure range of the tank (operated between 10 and
0 bar) does not allow sufficient flexibility without quickly reach-
ng saturation. On the other hand, the battery bank can be operated
t highly variable C-rates (up to 5C) and the net power can be al-
ays stored or withdrawn also at low battery capacities, provided

hat the SOC is maintained within the suitable operating range lim-
ts. Also, the SOC allowed operating range is slightly wider (20–80%
f the maximum capacity) than the p tank operating range (10–20 bar
hich equates to 33–66% of the maximum pressure), providing in-

reased flexibility capability to the battery system at equal stored energy
apacity. 
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Fig. 15. Yearly (H 2 -only) simulation. H 2 tank pressure p tank (bar). (a) V tank = 1 m 

3 = 30 Nm 

3 (top); (b) V tank = 10 m 

3 = 300 Nm 

3 (bottom). 

Fig. 16. Performance parameters versus storage capacity (single-component). 
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For OP, the opposite happens: the H 2 -only scenario shows lower
P values overall respect to the battery-only scenario and an increase

n H 2 capacity induces a more relevant OP decrease (27% reduction
rom 9.53 MWh/year to 6.97 MWh/year) of the OP compared to an
ncrease in battery capacity (12% reduction from 11.28 MWh/year to
.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 2 -only
onfiguration is steeper than the battery-only one due to the capacity
f the H 2 ESS to absorb larger amount of energy continuously without
aturating the storage tank. However, due to the lower round-trip effi-
iency, this is counterbalanced by increased losses. 

The round-trip storage efficiency strongly depends on the ESS tech-
ology, resulting in average equal to 36% for the H 2 ESS and 76% for
he battery ESS. 
13 
.1.2. Hybrid ESS parametric analysis results – battery-priority EMS 

The simulation results of hybrid battery-H 2 scenario – battery-
riority EMS – show that the LL and LL % 

( Fig. 17 - top), as previously
hown in Fig. 16 , are slightly more affected by the increase of battery
apacity (around 10% reduction on each incremental step) rather than
y the hydrogen tank volume (around 5% reduction on each incremen-
al step), however their variability range is limited in absolute value
ince the overall LL is limited to below 550 kWh/year (worst case with
 batt < 200 Ah and V tank < 1m 

3 ). With moderate ESS scales (Q batt > 300
h and V tank > 3 m 

3 ) the LL % 

can be limited to well below 5%, reach-
ng zero value for the whole upper half of the analysed ESS variability
nvelope. 

The OP and OP % 

( Fig. 17 - bottom) show higher overall values (OP
etween 8.8–10.2 MWh/year; OP % 

between 54 and 63%) and a more
arked dependency on the H 2 tank volume increase (up to 9–12% re-
uction) with respect to the battery capacity (up to 1–5% reduction)
ue to the greater energy volume processed by the H 2 ESS, albeit with
reater losses. OP % 

is reduced from 63% for low ESS capacity to a min-
mum of 54% for the maximum tank capacity (10 m 

3 ) and half of the
aximum battery capacity (500 Ah). 

The non linear variation of OP with increasing battery capacity can
e justified as follows. For battery capacities which are too low ( < 500
h) the energy capacity is too small leading to a greater variation of the
OC which quickly surpasses the control limits, resulting with an often
navailable battery. For battery capacities which are too high ( > 500
h) the battery system may persist within the hysteresis bandwidth am-
litude: after becoming unavailable the SOC cannot reach the restora-
ion limit imposed by the hysteresis band, reason for which the EMS
ogic considers it unavailable. This phenomenon can be clearly seen in
he simulation reported in Fig. 18 (Q batt = 750 Ah; V tank = 10 m 

3 = 300
m 

3 ), where the battery SOC remains between 20 and 30% between
100 and 2500 h, preventing the battery to absorb the net power. This
xample highlights the importance of the hysteresis bandwidth ampli-
ude in microgrid operation [68] . Also other literature studies report
he non-linear behaviour of performance parameters as a function of
attery capacity, which alters the balance between perfectly met load
which needs a large battery capacity) and inconsistent use of either the
olar resource or the fuel cell component [ 30 , 38 , 42 ]. 
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Fig. 17. LL and LL % (top); OP and OP% (bottom) vs storage capacity (hybrid 
battery-hydrogen – battery-priority EMS). 
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Table 9 

Single-component cost optimization results. 

LL % Total cost (k €) Q batt (Ah) E ESS,useful (kWh) OP % (%) 𝜂ESS (%) 

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 2 -only 

10% 163.5 3.33 115.2 48.6% 36.36% 

5% 174.3 7.33 253.5 45.2% 36.67% 

1% 

∗ – – – – –
∗ H 2 -only configuration does not reach LL % equal to 1% within the search space 
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A further reduction of OP below 9 MWh/year (OP % 

equal to 54%)
s hard to obtain with the battery-priority EMS due to the strong sum-
er overproduction unbalance shown in Fig. 8 , which is challenging to

bsorb even by increasing both ESS to their maximum capacity. Both
ystems easily reach oversaturation and deep discharge does not occur
ntil the end of summer (September-October). 

Also the storage efficiency 𝜂ESS ( Fig. 19 ) follows a non-linear be-
aviour caused by the perduring hysteresis state of the battery bank.
verall the 𝜂ESS range is within 50–70%, with a strong decreasing trend
ith the reduction of the hydrogen tank capacity, due to the increased
tilization of the battery system, which presents higher round-trip effi-
iency values (average battery single component round-trip efficiency
qual to 76%). 

.1.3. Hybrid ESS parametric analysis results – H 2 -priority EMS 

For the hybrid battery-H 2 scenario – H 2 -priority EMS – the LL and
L % 

results ( Fig. 20 - top) show a linear trend with respect to the in-
rease of the hydrogen tank, whereas a slight non-linear behaviour can
e observed with the variation of the battery capacity. The LL ranges
rom around 700 kWh/year (LL % 

equal to 12%) for very low values of
SS capacity (V tank < 1 m 

3 and Q batt < 100 Ah) up to near-zero values for
ombinations with higher ESS capacity (V tank < 7.5 m 

3 and Q batt < 400
h). 

Overall, the LL and LL % 

values under H 2 -priority EMS are higher
han those obtained under the battery-priority EMS (maximum LL and
14 
L % 

equal to 550 kWh/year and 9% respectively). In fact, the increased
tilization of the hydrogen systems imposed by the EMS entails a greater
L (especially during critical load demand during winter) since the H 2 
ystems present lower round-trip conversion efficiency and the energy
tored by the electrolyser is insufficient for the fuel cell to supply the de-
and. Also inconsistent tank management in terms of maximum storage

olume and limited operating pressure range affects negatively the H 2 
SS with regard to the LL. Unlike the battery-priority EMS, a reduced
ortion of the search space achieves near-zero values and zero LL values
re never reached, even with high ESS capacity conditions. 

The OP results ( Fig. 20 - bottom) range between 6.5 and
.5 MWh/year (OP % 

equal to 40–55%) for different ESS combinations.
he trend presents a rather linear reduction with the increase of V tank ,
ith an average decrease of OP of around 17% across the whole anal-
sed range (0.5–10 m 

3 ); the increase of the battery capacity Q batt in-
uces a less steep reduction of OP up to around 5% across the analysed
ange (50–1000 Ah). 

The H 2 -priority EMS presents lower OP and OP % 

values (between
.5–8.5 MWh/year) respect to the battery-priority EMS (between 8.8–
0.2 MWh/year). H 2 -priority EMS also presents higher OP reduction
ates (17% reduction with increasing V tank and around 5% reduction
ith increasing Q batt ) compared to the battery-priority EMS (9–12% re-
uction with increasing V tank and between 1 and 5% reduction with
ncreasing Q batt ). In particular the reduction rate with respect to the
 tank is more pronounced due both to the increased amount of energy
rocessed by the H 2 ESS – counterbalanced by increased losses – and
he less frequent use of the battery systems. 

The analysis of the storage efficiency ( Fig. 21 ) shows a rather con-
tant 𝜂ESS around 40% across the whole capacity range, with a slight
ncreasing trend in larger battery capacity scenarios with small hydro-
en capacities (top-left corner). Respect to the battery-priority case, the
ncrease in 𝜂ESS with increasing battery capacity is limited, since the
MS will prioritize the use of the H 2 ESS instead. Overall, the average is
uch lower respect to the battery-priority case, since the average round

rip efficiency of the hydrogen systems is lower, equal to 36%. 

.2. Cost optimization results for target LL % 

thresholds 

The total storage cost optimization results for single-component and
ybrid configuration is analysed for LL % 

threshold values equal to 10%,
% and 1% (although lower LL % 

values can be reached). The reported
otal storage cost is calculated via Eqs. (12) to 15. 

While for single-component scenarios a unique storage configuration
s found and reported in Table 9 , for hybrid ESS scenarios a plethora
f different Q batt /V tank configurations can complementarily obtain the
ame overall LL % 

– as shown in Fig. 22 . With the parametric analysis
pproach the total storage cost of each configuration which lies within
he ± 0.5% range of the desired LL % 

threshold must be calculated and
ompared to individuate the cost optimal configuration. This approach
s fully deterministic and less efficient in terms of computational load:
onsidering that a single yearly simulation lasts around 5–10 s, the op-
imal 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. 18. Yearly simulation with battery-priority EMS. Parameters: Q batt = 750 Ah; V tank = 10 m 

3 = 300 Nm 

3 ; P el,nom = 10 kW e ; P fc,nom = 10 kW e . 

Fig. 19. Storage efficiency 𝜂ESS versus storage capacity (hybrid battery- 
hydrogen – battery-priority EMS). 
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rations for each LL % 

threshold. The same result can be obtained via
he PSO algorithm which converges to the minimal cost configuration
or the chosen LL % 

constraint. Obviously the computation time with the
SO algorithm is reduced to the range of 1000s (few minutes) since
onvergence to the optimal solution is reached after approximately 25
terations for the two EMS scenarios (around 625 simulations, consid-
ring the swarm size given in Table 7 ), but the result does not provide
nformation on the sub-optimal regions. 

Generally, the storage cost increases with the decrease of the LL % 

ue to increasing stored energy requirements. The battery-only sce-
ario requires relevantly less useful stored energy compared to the
ydrogen-only scenario, due to differences in nominal round-trip effi-
15 
iency and operational behaviour previously explained. In fact 13.6 kWh
nd 98.6 kWh of energy stored in the battery system are required with
espect to 115.2 kWh and 253 kWh for LL % 

equal to 10% and 5% re-
pectively. As expected, the battery-only scenario storage cost is lower
91/108 k € for 10%/5% LL % 

respectively), due to the lower size of
he battery system and lower LL penalization; instead, the H 2 -only sce-
ario total storage cost (163/174 k € for 10%/5% LL % 

respectively) is
enalised by a fixed cost of electrolyser and fuel cell also for small tank
izes. The comparison at LL % 

equal to 1% cannot be performed since the
 2 -only system does not reach such value in the analysed search space.

The storage efficiency of the optimal sizing configurations for each
L % 

thresholds are very similar to the average 𝜂ESS values in single com-
onent scenarios ( Fig. 16 ) since the variation range for 𝜂ESS with size is
uite limited. 

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

ost commodity. 
Analysing the identified combinations of ESS configurations reported

n Fig. 22 it is clear that battery-priority EMS requires lower stored
nergy and therefore lower cost, due to the increased use of batteries
hich – for previously discussed reasons – is more suitable to limit the
L % 

and higher 𝜂ESS . Amongst the identified combinations the cost op-
imization search tends to always prefer an increase in V tank rather than
ne in Q batt since – considering the selected economic parameters re-
orted in Table 6 – the hydrogen system presents a lower marginal cost
er additional unit of stored useful energy (2000 €/kg which equates to
61.6 €/kWh useful considering the LHV of hydrogen and the round trip
fficiency of 37.5%) compared to the battery system (235 €/kWh useful 
onsidering the round trip efficiency of 85%); in fact, the electrolyser
nd fuel cell (both fixed at 10 kW e,nom 

for all configurations) represent
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Fig. 20. LL and LL % (top); OP and OP% (bottom) versus storage capacity (hy- 
brid battery-hydrogen – H 2 -priority EMS). 

Fig. 21. Storage efficiency 𝜂ESS versus storage capacity (hybrid battery- 
hydrogen – H 2 -priority EMS). 
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16 
 fixed cost for both EMS and do not shift the economic balance from
ne EMS to the other. 

The cost optimal configurations of hybrid scenarios reported in
ig. 23 (found by either parametric analysis or PSO algorithm) show
 similar trend for to single-component scenarios ( Table 8 ): total stor-
ge cost increases with decreasing LL % 

and H 2 -priority EMS cost opti-
al configurations show a poorer performance in terms of 𝜂ESS (around
5–37% vs. 54–70%), useful stored energy (121/259/549 kWh useful 
s. 35/155/328 kWh useful ) and total storage cost (140/185/326 k € vs.
10/150/208 k €) compared to the battery-priority EMS for all cases.
he 𝜂ESS decreases with decreasing LL % 

since the ESS are used more
ntensively. 

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

The economic results are aligned with the reviewed literature in
hich hybrid energy systems are analysed as a function of the reduc-

ion of LL % 

. In general, the commonality to all reported works is that
ystem performance and cost is stressed when low LL % 

are searched. A
ualitative comparison of the present work with other comparable spe-
ific contribution is given in Table 10 , in terms of analysed LL % 

range
nd effect in varying the LL % 

. 
The consideration of variable P el,nom 

and P fc,nom 

and/or their adap-
ation to the tank size could significantly shift the economic balance of
he hybrid configuration and provide an updated cost trade-off [ 30 , 38 ].
lso, the maximum potential cost saving (which is equal to 30 k € con-
idering the specific investment costs indicated in Table 6 ) would affect
oth hybrid system configurations in which the systems are present,
ithout relevantly affecting the general conclusions that can be drawn

rom the cost trends in Fig. 23 which differ due to the EMS rather than
he CAPEX of the systems. 

Also the inclusion of a revenue stream from electricity sale could
ffect the H 2 -only scenario, since it presents significantly lower values
f OP% (around 45–48%) respect to the battery-only scenario (around
0–65%). Both aspects are deemed relevant by the authors and will be
bject of future work. 

. Concluding remarks 

In this paper a model-based analysis of the optimal design of a hybrid
attery/hydrogen storage of a RES microgrid connected to a residen-
ial load in simulated off-grid conditions is carried out. The simulative
ool implemented for this analysis is a detailed, component-orientated
odel, which was previously developed and validated with experimen-

al data by the authors. At system level, four Energy Storage Systems
SS configuration scenarios (battery, H 2 , hybrid battery-H 2 with bat-
ery priority, hybrid battery-H 2 with H 2 priority) have been simulated
nd analysed under different EMS. The results are analysed via perfor-
ance parameters such as Loss of Load LL, Over Production OP, round-

rip storage efficiency 𝜂ESS and total storage cost C tot,ESS . A parallel ap-
roach to the optimal design of the storage capacity is carried out via
ulti-dimensional parametric analysis and Particle Swarm Optimization
SO, which can both identify the optimal combination of the two design
ariables related to the storage energy capacity (Q batt and V tank , in the
ange of 0–350 kWh useful ) with decreasing LL % 

thresholds (from 10%
o 1%), toward fully islanded conditions (LL % 

equal to 0%). The para-
etric analysis provides useful information regarding the trends of the
erformance parameters with the design variables, (which is key to un-
erstand the dynamics of the energy management in RES microgrids),
ther than only the optimal point, provided by the PSO approach. 

From the results, some general and specific conclusions can be
rawn. The general conclusions are consequence of the operational char-
cteristics of the two storge technologies (battery or H 2 storage, respec-
ively) thus can be extended to other comparable plants as well. 
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Fig. 22. Identified ESS configurations ( top ) in terms of battery capacity (Ah) and tank volume (Nm 

3 ) and ( bottom ) total cost (k €) versus useful energy stored (kWh) 
of possible hybrid ESS by LL % (10%/5%/1%) threshold and EMS ( red markers indicate the identified cost-optimal configuration obtained by PSO technique). 

Table 10 

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

LL % range Analysed effect of LL % 

Authors’ proposal 0–10% Impact on energy supply, stored energy & Cost of 
Storage and for sizing optimization 

Eltamaly et al. [26] 0–100% Impact on Cost of Energy with load prioritization 
Semaoui et al. [17] 1–3% Impact on State Of Health of battery and lifetime 
Serra et al. [38] 0–5% Impact of Self Sufficiency Ratio on Cost of Energy 
Rozzi et al. [77] 0–5% Pareto front for NPC for sizing optimization 
Hafez et al. [37] 0–10% Impact on energy supply for sizing optimization 

Fig. 23. Cost-optimal configurations of hybrid ESS scenarios by LL % threshold 
and EMS: H 2 -priority (solid blue line); battery-priority (solid orange line). 
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Even in highly oversized PV environments for both power and en-
rgy, 100% RES supply to domestic users is challenging. Achieving zero
L throughout the year (pure stand-alone mode) entails the installa-
ion of large-sized ESS (Q batt > 500–600 Ah for battery only and battery-
17 
riority scenarios, hardly reached in hydrogen scenarios, even for high
alues of V tank ) which are costly and complex to manage. In addition,
iven the PV driven RES generation which is hard to couple with the
esidential load profile, the achievement of low values of LL (around
–10%) usually entails high values of OP (around 50–60%) which rep-
esent large volumes of renewable energy not used locally, wasting the
dded value that locally distributed RES generation could potentially
rovide. 

While sizing storage systems the actual requirements of energy secu-
ity of the demand should be taken into account. In fact, an allowable
L % 

threshold induces a substantial relaxation of the storage systems’
apacity and cost requirements (e.g. 50–55% reduction in energy ca-
acity and 30–45% reduction in total storage cost by increasing the LL % 

hreshold from 1% to 5%). A trade-off should be found with respect to
cceptable LL % 

levels and total storage cost. 
In general an increase of ESS size induces a positive effect in the

nergy security performance parameters, especially at smaller scale for
hich the LL % 

and OP % 

reductions are steeper, despite a loss in energy
fficiency due to the round-trip storage efficiency and an increase in
ost. 

Hybridisation of hydrogen with batteries is always advantageous
rom an energy security perspective compared to single-component ESS
cenarios (as shown in Table 8 ), allowing to exploit the different sys-
ems in a complementary way. However, storage efficiency and cost are
egatively affected by hydorogen storage in hybrid scenarios, demon-
trating that energy security, storage efficiency and cost objectives do
ot coincide. 
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A battery-based ESS seems more suitable for short term storage with
aily charge/discharge dynamics. In fact, the battery-based scenarios
resent lower LL % 

(zero LL with Q batt around 500–600 Ah) with higher
ound-trip storage efficiencies (around 60–70%), although presenting
igher OP % 

values (above 50–60%). From an economic point of view
he incremental cost in terms of additional energy capacity ( €/kWh useful )
s high, since the whole battery bank must be upsized and the optimal
earch tends to prefer lowest size battery capacity which can guarantee
he given LL % 

threshold. 
On the other hand, hydrogen storage seems likely to be more suitable

or long-term storage scenarios, being able to process and store higher
nergy volumes. The results of H 2 -based scenarios show a reduction
n OP % 

(around 40%, lower by 20% respect to the battery scenarios)
ut worse results in terms of LL % 

(up to 5% more) and storage effi-
iency (around 35–37% due to the lower 𝜂ESS of the hydrogen systems).
rom a cost point of view the hydrogen conversion systems (electrol-
ser and fuel cell) represent a high CAPEX contribution, but the storage
ank shows a low incremental cost in terms of additional energy capac-
ty ( €/kWh useful ). For this reason the search algorithm tends to chose a
arger storage tank capacity which provides that specific LL % 

threshold,
inimizing the increase in battery capacity. 

The cost-optimal configurations show a total storage cost (20 years
peration) between 90 and 200 k € for the battery-based scenarios and
etween 150 and 300 k € for the H 2 -based scenarios, showing that
urrently H 2 storage is still relevantly more expensive with respect
o battery storage, although the downsizing of the electrolyser and
uel cell nominal power could reduce the gap. Also in terms of useful
tored energy the cost-optimal configurations of hydrogen-based sce-
arios require more storage capacity respect to battery-based scenar-
os (121/259/549 kWh useful vs. 35/155/328 kWh useful for 10%/5%/1%
L % 

respectively). The economic competitiveness of H 2 storage could be
nhanced with longer-term storage horizons (monthly, seasonal, etc.),
here the lower marginal cost of the storage tank could be advanta-
eous. 

All in all, this paper provides an innovative contribution to optimal
torage design of an actual hybrid battery/hydrogen storage coupled to a
ES microgrid which supplies a real residential load profile. The demon-
trated parallel optimization approach represents a successful testing of
he validity of the results obtained by the numerical PSO algorithm with-
ut neglecting the energy aspect with the rigorous systematic approach
f the parametric analysis. For a more comprehensive optimization anal-
sis of the whole microgrid environment, the variation of more parame-
ers (such as the installed power of electrolyser and fuel cell, other than
attery characteristics and RES generators) should be implemented to-
ether with the analysis of additional performance indicators with a
ulti-objective optimization approach, which will be object of future
ork. Other active energy management approaches such as load prior-

ty repartition, demand side flexibility or load shedding/shifting could
otentially be advantageous in the analysed conditions. 

. 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 
18 
RES: Renewable Energy Sources 
SOC: State of Charge 
STC: Standard Testing Conditions 
WT: wind turbine 

. Notation and symbols 

𝐸 𝑙𝑜𝑎𝑑 ∶ load energy (Wh) 
𝐸 𝑖𝑛,𝐸𝑆𝑆 ∶ energy stored in the ESS (Wh) 
𝐸 𝑜𝑢𝑡,𝐸𝑆𝑆 ∶ energy discharged by the ESS (Wh) 
𝐸 𝑃𝑉 ∶ photovoltaic energy (Wh) 
𝐸 𝑅𝐸𝑆 ∶ RES energy (Wh) 
𝐸 𝑊 𝑇 ∶ Wind Turbine energy (Wh) 
𝐿 𝐿 % ∶ Loss of Load percentage (%) 
𝜂𝐸𝑆𝑆 ∶ overall storage efficiency 
𝑂 𝑃 % ∶ Over Production percentage (%) 
𝑃 𝑒𝑙 : electrolyser power (W) 
𝑃 𝑒𝑙, 𝑚𝑎𝑥 : maximum electrolyser power (W) 
𝑃 𝑒𝑙, 𝑛𝑜𝑚 : nominal electrolyser power (W) 
𝑃 𝑓𝑐 : fuel cell power (W) 
𝑃 𝑓𝑐, 𝑚𝑎𝑥 : maximum fuel cell power (W) 
𝑃 𝑓𝑐, 𝑛𝑜𝑚 : nominal fuel cell power (W) 
𝑃 𝑙𝑜𝑎𝑑 : load power (W) 
𝑃 𝑛𝑒𝑡 : net power (W) 
𝑃 𝑅𝐸𝑆 : RES power (W) 
𝑝 𝑡𝑎𝑛𝑘 : tank pressure (bar) 
𝑝 𝑡𝑎𝑛𝑘, 0 : initial tank pressure (bar) 
𝑝 𝑡𝑎𝑛𝑘,ℎ𝑖𝑔ℎ : high hydrogen tank pressure (bar) 
𝑝 𝑡𝑎𝑛𝑘,𝑙𝑜𝑤 : low hydrogen tank pressure (bar) 
𝑝 𝑡𝑎𝑛𝑘,𝑚𝑎𝑥 : maximum hydrogen tank pressure (bar) 
𝑝 𝑡𝑎𝑛𝑘,𝑚𝑖𝑛 : minimum hydrogen tank pressure (bar) 
𝑄 𝑏𝑎𝑡𝑡 : battery capacity (Ah) 
𝑄 𝑚𝑎𝑥 : maximum battery capacity (Ah) 
𝑆𝑂 𝐶 ℎ𝑖𝑔ℎ : high State of Charge – restoration (Ah,%) 
𝑆𝑂 𝐶 𝑙𝑜𝑤 : low State of Charge – restoration (Ah,%) 
𝑆𝑂 𝐶 𝑚𝑎𝑥 : maximum State of Charge (Ah,%) 
𝑆𝑂 𝐶 𝑚𝑖𝑛 : minimum State of Charge (Ah,%) 
𝑉 𝑡𝑎𝑛𝑘 ∶ storage hydrogen tank volume (m 

3 ) 
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nnex I. Electrolyser and Fuel Cell nominal power sensitivity 

nalysis 

In this Annex a sensitivity analysis of P el,nom 

and P fc,nom 

consider-
ng the base-case hydrogen tank volume (V tank = 1 m 

3 = 30 Nm 

3 ) is car-
ied out under different EMS. In fact, while V tank determines the en-
rgy capacity of the hydrogen ESS, the rate at which P net is converted
o H 2 (and viceversa) is strictly dependant from the nominal power of
he electrolyser/fuel cell and their dynamic behaviour. From the mod-
lling point of view, a variation of P el,nom 

and P fc,nom 

induces a scaling of
he current-voltage polarization curves and consequently the maximum
ower which the electrochemical system is able to process, respect to
he P net 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
, 2, 5 and 10 kW e,nom 

, where 10 kW e,nom 

is the base-case value (cur-
ently installed in the microgrid) and maximum value since P net does
ot exceed 10 kW ( Fig. 9 -c). The PEMFC nominal power is varied for
alues equal to 1, 3.3, 6.6 and 10 kW e,nom 

, considering the unit power
f each PEMFC system (see Table 2 ) where 10 kW e,nom 

is the base-case
alue considering 3 PEMFC installed in parallel (which is the current
onfiguration of the microgrid). The results of the sensitivity analysis
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Table A1.1 

H 2 -only simulation results (yearly) in function of electrochemical sys- 
tems’ nominal power. 
Parameters: V tank = 1m 

3 . 

Variable P el,nom (P fc,nom 10 kW e ; V tank = 1 m 

3 ) 
1 kW e,nom 2 kW e,nom 5 kW e,nom 10 kW e,nom 

E el (MWh) 3.36 4.49 5.07 4.97 
E fc (MWh) 1.17 1.56 1.79 1.81 
LL % (%) 24.74% 17.71% 13.53% 13.22% 

OP % (%) 60.55% 53.59% 50.05% 50.66% 

𝜂ESS (%) 34.25% 34.39% 35.10% 36.14% 

Variable P fc,nom (P el,nom 10 kW e,nom ; V tank = 1 m 

3 ) 

1 kW e,nom 3.3 kW e,nom 6.6 kW e,nom 10 kW e,nom 

E el (MWh) 4.50 4.97 4.98 4.97 
E fc (MWh) 1.64 1.80 1.81 1.81 
LL % (%) 16.33% 13.30% 13.27% 13.22% 

OP % (%) 53.54% 50.57% 50.61% 50.66% 

𝜂ESS (%) 36.02% 35.94% 36.02% 36.14% 
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Table A1.2 

Battery-hydrogen (H 2 -priority) simulation results (yearly) in func- 
tion of electrochemical systems’ nominal power. 
Parameters: Q batt = 100 Ah; V tank = 1m 

3 . 

Var. P el,nom (P fc,nom 10 kW e ; V tank = 1 m 

3; Q batt = 100 Ah) 
1 kW e,nom 2 kW e,nom 5 kW e,nom 10 kW e,nom 

E el (MWh) 3.36 4.48 5.05 4.96 
E fc (MWh) 1.17 1.56 1.79 1.81 
LL % (%) 23.77% 16.42% 12.29% 12.06% 

OP % (%) 60.29% 53.26% 49.77% 50.37% 

𝜂ESS (%) 35.20% 35.41% 36.00% 36.94% 

Var. P fc,nom (P el,nom 10 kW e ; V tank = 1 m 

3 ; Q batt = 100 Ah) 
1 kW e,nom 3.3 kW e,nom 6.6 kW e,nom 10 kW e,nom 

E el (MWh) 4.48 4.97 4.98 4.96 
E fc (MWh) 1.63 1.80 1.81 1.81 
LL % (%) 15.28% 12.20% 12.06% 12.06% 

OP % (%) 53.32% 50.27% 50.30% 50.37% 

𝜂ESS (%) 36.87% 36.67% 36.85% 36.94% 
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re therefore comparable with the baseline simulation results reported
n Table 8 . 

Although the effect of varying the nominal power of the electrochem-
cal conversion systems is important, the results obtained in this Annex
ustify the simplificative assumption to neglect the systematic variation
f P el,nom 

and P fc,nom 

in the optimal design search. Also, given the para-
etric approach to the optimization process implemented in this study,
 complete analysis via parametric analysis all possible combinations
f P el,nom 

, P fc,nom 

, Q batt and V tank would be lengthy and cumbersome
2000 possible Q batt /V tank combinations, each of these with 16 possible
 el,nom 

/P fc,nom 

combinations, leading to 32,000 possible scenarios). 

1.1. Single component ESS - H2 only 

In Table A1.1 the base-case results of the single-component H 2 -only
onfiguration are shown, with a parametric variation of P el,nom 

and
 fc,nom 

. The variation of the electrolyser nominal power shows a greater
mpact both on the energy processed by the H 2 ESS and on the per-
ormance parameters LL % 

, OP % 

and 𝜂ESS with respect to a variation of
he fuel cell nominal power, since if less hydrogen is produced by the
lectrolyser (upstream component), less hydrogen is available to be con-
umed by the fuel cell (downstream component) – confirming that the
orrect sizing of the electrolyser is more critical than correct sizing of
he fuel cell. 

By increasing P el,nom 

from 1 kW e,nom 

to 2 kW e,nom 

, E el and E fc both
ncrease relevantly of around 33%, however a plateau region is reached
etween 5 kW e,nom 

and 10 kW e,nom 

, which was expectable due to the
aximum value of P net , approximately equal to + 8 kW. LL % 

and OP % 

re decreased of around 7%, respectively, while the storage efficiency

ESS is only marginally increased by 0.14%. However, increasing the
ominal power in the range 2–10 kW e,nom 

, both the total energy volume
rocessed (10% increase of E el and E fc ) and the performance parame-
ers (3–4% reduction of LL % 

and OP % 

; 0.15% increase of 𝜂ESS ) are only
lightly affected. 

Similarly, increasing P fc,nom 

from 1 to 3.3 kW e,nom 

the E el and E fc are
nly increased by 10% and then remain almost constant with further in-
rease of P fc,nom 

, which was also expectable due to the minimum value
f P net , approximately equal to − 3 kW. The LL % 

and OP % 

are reduced
y 3% in the 1–3.3 kW e,nom 

range, which is less than half of the impact
btained by varying P el,nom 

, remaining almost constant despite increas-
ng P fc,nom 

to 10 kW e,nom 

. The variation of 𝜂ESS is extremely limited for
arying P fc,nom 

(less than 1%). 

1.2. Hybrid ESS – Battery priority EMS 

The effect of P el,nom 

and P fc,nom 

under battery-priority EMS
s extremely limited due to the small energy volume processed
19 
 < 700 kWh/year) by the hydrogen components. No significant effect
s produced on both LL % 

and OP % 

by varying both P el,nom 

and P fc,nom 

n the range 1-10 kW e,nom 

, unless for very low electrolyser sizes (P el,nom 

elow 1 kW e,nom 

with a maximum impact on LL % 

below 5%). 

1.3. Hybrid ESS - H 2 priority EMS 

For the H 2 -priority EMS the effect of P el,nom 

and P fc,nom 

do affect
he main performance parameters LL and OP considering that the H 2 
ystems prioritization ( Table A1.2 ) induces a larger processed energy
olume, although the overall impact is still quite limited, excluding for
he 1–2 kW e,nom 

range. 
Similarly to the H 2 -only case, by increasing P el,nom 

from 1 kW e to
 kW e an increase of around 33% is seen in the energy volumes (E el 
nd E fc ) with a consequent reduction in LL % 

and OP % 

around 7% and
 slight improvement of 𝜂ESS of 0.21%. Instead, in the 2–10 kW e,nom 

ange, the impact on the energy volumes is only around 10–14% hence
nducinga variation of only 3–4% on the LL% and OP%. The 𝜂ESS in-
reases of around 2%, mainly due to moderate current loadings on elec-
rolyser and fuel cell, which contain the voltage losses. 

By increasing the P fc,nom 

from 1 kW e to 2 kW e the energy volumes
E el and E fc ) are increased by 10%; while LL % 

and OP % 

are only re-
uced by 3%. In the 2–10 kW e,nom 

range, both energy volumes and per-
ormance parameters are hardly affected ( < 1%). The storage efficiency

ESS is hardly affected ( < 0.1%) by the variation of P fc,nom 

(variation
ange 36.85–36.94%) 

Although the energy processed by the hydrogen ESS is similar to the
 2 -only scenario, the hybrid ESS scenario presents a relevant improve-
ent of the performance parameters respect to the H 2 -only scenario.
he LL % 

in hybrid conditions is in average 1–1.5% lower than in H 2 -
nly conditions; instead the OP % 

improvement of hybridised conditions
s limited to around 0.3% respect to the H 2 -only scenario. Also with
egards of efficiency, the hybrid ESS scenario presents a slight improve-
ent in storage efficiency (around + 1% in 𝜂ESS in all configurations). 
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