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A B S T R A C T   

Solar hydrogen technology, i.e. producing green hydrogen by electrolysis fed by solar panels, is gaining attention 
as studies show it can compete with traditional electric batteries. Contemporary, the interest in the realization of 
Renewable Energy Community driven by the recent adoption in almost all the EU Countries of the RED II 
Directive is increasing. To match innovative technologies and new business models making the energy demand 
and the production closer in terms of time and space, the feasibility of Renewable Hydrogen Energy Community 
is explored. To determine the profitability of these solutions and size and operate the energy system, energy and 
economic analyses are needed as well as the optimization of its performance. A building complex with 180 kWp 
of PhotoVoltaics was studied using hourly real data on energy loads and production. Storage capacities ranging 
from 500 to 2000 kWh were simulated for hydrogen and electric battery options. The cost of investment and 
operation was also analyzed for the years 2020, 2030, and 2040 to evaluate changes in technology readiness 
level as well as accounting for the strong changes in electricity tariff due to the geopolitical issues effects on the 
market. The analysis was conducted using the DECAPLAN™ digital platform, which employs a mixed integer 
linear programming solver. Finally, the dispatch on hourly base has been compared for the same two months in 
2019, 2020 and 2021 corresponding to pre, during and after pandemic restrictions.   

1. Introduction 

Energy transition called by scientists [1] is dealing with the con-
straints of reality [2] actually highlighting the inadequate in-
frastructures to allow it [3] when locally high power of new renewable 
energy plant is planned to be installed or widespread of prosumers ac-
tivities in asking bidirectionality to the Grid, conceived as centralized 
mono-directional infrastructure. Electricity sector is the first and main 
subject of the transition [4] since electrification is seen a growing trend 
of heating and transport sectors with a yearly 3 % growth [5] seeing the 
huge increase in electric renewables installations in the last two decades 
mainly with the centralized approach [6] of installing new RES power 
plant connected to the grid [7] with the benefit of reducing the Primary 
Energy Factor, as defined by the International Energy Agency [5], of the 
Power Grid [8]. Here, the further stress on the grid by new connected 
production comes [9]. At centralized level, the balancing issues caused 
by the mismatch between demand and production [10] leads to the 
inclusion of storage facilities [11]. However, they are limited in size [12] 
and, subsequently, in impact on the grid operation due to the high costs 

[13]. A different case is for pumped hydro but geographical features and 
justice of transition rule are the main obstacles for further installations 
[14]. It comes the consideration of the energy balance at National level 
as the sum of energy balances at smaller and smaller scales [15] 
entailing, with the limitation to the electrical energy, the important role 
of local energy communities [16]. Local electricity balance means 
reducing the changes [17], and subsequent stress, on the Grid in-
frastructures together with a new focus on local emission factors [18] 
linked to local energy mixes [19]. The direct consequence is the 
decentralized search for renewable energy plants [20], accounting for 
multiple generation types and units, i.e. a polygeneration system, and, 
then, the setting up of the Renewable Energy Community (REC) concept 
recently codified in the EU Directive REDII [21]. Moreover, the codified 
incentive schemes supporting the Self-Consumption [22] aim at 
providing the shared added value in terms of environmental and 
financial impact of the energy chain to the community members [23]. 

PV on the roof, hot water storage, electric batteries in the basement 
are the most used tools made available to the citizens to participate to 
this new entity being the way to store the local renewable production 
[24] by converting it into stored heat or storing electricity to put back. In 
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the case of batteries, the diffusion is limited to residential size, around 
few kWh thanks to the fully economic support as the case of SuperBonus 
110 % in Italy [22]. Beside them, innovative technologies are taking 
place such hydrogen energy systems [25]. Similarly, centralized 
approach for assisting the Grid is taking place first even with the limi-
tations in size and impact due to the high costs [26]. Later, small scale 
hydrogen energy systems based on reversible cell like the reversible 
solid oxide cells are seeing interest [27] and their application to different 
types of buildings [28] offering the production and utilization of 
hydrogen as a service for the buildings [29] and in cooperation with 
other sectors like the mobility [30]. 

Few applications of reversible cells to the building sectors are 
available in literature as reviewed in [27,31] and since buildings are the 
unit of energy production and consumption in a community [32], the 
application to such a scale is of primary interest [33]. Furthermore, the 
contemporary adoption of optimal energy management strategies [34] 
and tailored energy systems design [35] to make the local renewable 
energy production meeting the load profiles [36] implies the strong 
decrease of the electrical energy exchange in the REC boundaries made 
possible thanks to the adoption of diversified production [37] and 
detailed choice of storage systems [38]. 

In this paper, a Renewable Hydrogen Energy Community to be set, 
composed by five buildings equipped with a total of 180 kWp of PV array 
is designed by master planning and optimal dispatching focusing on the 
role of hydrogen based technologies to maximize the Self Consumption, 
to annual the electricity export to the Grid in comparison with electric 
batteries accounting for the changes in loads before, during and after the 
pandemic in the monitored period of almost 4 years (2018–2021). 

2. Materials and methods 

In this section, the methods used for data collection and analysis are 
described. The DECAPLAN™ digital platform [39] is proprietary digital 
of a start-up company spin-off of Nanyang Technological University. The 
DECAPLAN™ has been developed for designing power plants, micro-
grids, and industrial and building estates characterised by high energy 
mix by establishing the best plant arrangement and choosing among 
database (DB) the most suitable commercially available components. 
The DECAPLAN™ allows for concurrently optimising the best multi- 
energy plant design and operation by solving the energy dispatch for 
given electricity, cooling and other demands. In this paper, the optimal 
solution is addressed to minimise the primary energy consumption and 
the greenhouse pollutant emissions (CO2) by maximising the Net Present 
Value (NPV) at the same time. The mathematical formulation of the 
DECAPLAN™ objective function enables the digital platform to search 

for the best solutions taking the Operational Expenses (OPEX), the 
Localized Cost of Electricity (LCOE), the Return of the Investment (ROI), 
and other parameters into consideration. More details on the modelling 
approach and the optimisation strategy are given in the next section. 

The proposed system layout includes several components, with the 
main ones being the electrolyser and fuel cell, as well as their manage-
ment. This section presents the mathematical formulation for the Master 
Planning (MP) and the Optimal Dispatch Planning (ODP), along with a 
description of the main features of the DECAPLAN™ digital platform. 
The simulation tool for the hydrogen energy system was developed using 
a modular approach at the component level. To set up the polygenera-
tion plant simulator, steady-state 0-D component models were adopted 
as per the method proposed by the DECAPLAN™ digital platform al-
gorithm. The DECAPLAN™ includes various solvers such as quadratic 
programming, mixed-integer linear programming (MILP), and mixed- 
integer non-linear programming (MINLP). Research has shown that 
the mixed-integer quadratic programming technique used by the 
DECAPLAN™ digital platform is robust and efficient, as demonstrated 
by comparisons with a hybrid heuristic algorithm based on GA and PSO 
solvers [40] and other mathematical approaches [41,42]. Additionally, 
the use of stochastic algorithms has been found to potentially lead to 
suboptimal results in master-planning problems [43]. Fig. 1 provides a 
complementary block diagram to understand the optimization process 
flow that the end-users need to perform, specifically the optimal 
dispatch block diagram DECAPLAN™. 

The algorithm consists of three parts: the input layer, where condi-
tions such as temperature, DNI, and precipitation profiles, as well as 
plant demands and costs, are inputted; the optimal dispatch layer, where 
the algorithm matches and connects components, ensuring that con-
servation equations are not violated; and the output layer, where the 
optimal dispatch strategy for the power plant and its associated costs are 
presented. Additionally, the algorithm uses a modular approach to 
simulate power systems and incorporates a database of component 
performance maps to evaluate costs, degradation, and maintenance. In 
detail, the three layers are: 

Input Layer: In this step, the input for solving the optimal dispatch 
problem includes boundary conditions such as temperature, DNI, and 
rain profiles. Additionally, the electric, heating and cooling loads, as 
well as the costs associated with plant operations, are also input. In the 
case of solving the optimal dispatch problem standalone, the plant 
configuration is defined by the end user. However, in the case of master 
planning, the supervisory algorithm provides the plant configuration 
and optimized selection of components from the database. 

Optimal Dispatch Layer: In this step, the DECAPLAN™ optimal 
dispatch routine matches and connects the components, ensuring that 

Nomenclature 

BAU Business As Usual 
CAPEX Capital Expense 
CL Calendar Life 
DUCV During-Covid 
DNI Direct Normal Irradiation 
DOD Depth of Discharge 
DPBP Discounted Payback Period 
EES Electrochemical Energy Storage 
EU European Union 
IRR Internal Rate of Return 
LCOE Localized Cost of Electricity 
LHV Lower Heating Value 
MILP Mixed-Integer Linear Programming 
MINLP Mixed-Integer Non-Linear Programming 
MP Master Planning 

NC Number of Cycles 
NP New Price 
NPV Net Present Value 
NSC No Self-Consumption 
ODP Optimal Dispatch Planning 
OP Old Price 
OPEX Operational Expenses 
POCV Post-Covid 
PRCV Pre-Covid 
PV PhotoVoltaics 
REC Renewable Energy Community 
RES Renewable Energy Sources 
ROI Return of the Investment 
SC Self-Consumption 
SOC State OF Charge 
TCO Total Cost of Ownership 
WSC With Self-Consumption  
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mass flow rates, temperatures, pressures, and conservation equations 
are not violated. Each component contributes to defining the objective 
function and adding constraints and partial objective functions related 
to the component operations. Through this modular approach, it is 
possible to simulate any type of power system within the limitations of 
computational costs and the number of variables involved in the opti-
mization. The solver iterates the Lagrangian multipliers (in the case of 
the quadratic programming approach) until convergence is achieved. As 
a result of solving the optimal dispatch problem, the DECAPLAN™ 
software determines which components will be operated at what load 
during the specified time interval. 

Output Layer: The final outcome of the calculations is the optimal 
dispatch strategy for the polygeneration power plant, which includes the 

definition of plant operations and set points for controlled variables. The 
output also includes a techno-economic breakdown of operating costs, 
scheduled maintenance, and the performance deterioration of compo-
nents due to plant operations. 

As for the techno-economic optimization, the modelling of the 
Capital Expense (CAPEX) and Operating Expense (OPEX) is discussed, 
along with the details of the objective function used for the evaluations. 

The system being analyzed in this study is a complex of five fully 
electrified buildings, where all energy needs are met through electric- 
driven appliances. Consumption and production datasets are used and 
divided in 3 intervals: (i) pre-COVID-19, (ii) during COVID-19 and (iii) 
post COVID-19. Data consists of hourly electricity consumption and 
production data of 5 buildings located in Naples, Italy covering the 

Fig. 1. The block diagram of DECAPLAN™ digital platform.  
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period of February 1st, 2018 to November 30th, 2021. The production 
data includes hourly data on the electricity generated by installed 
photovoltaics during the same period. Electricity prices, which were 
split into three categories based on the national grid tariff related to the 
different times of use, were taken from energy bills and did not include 
taxes. The weekly breakdown of tariffs into three categories: F1 for 
working hours during weekdays, 8:00 to 18:00; F2 for a few hours 
surrounding the F1 interval, 7:00–8:00 and 18:00–23:00 and most of 
Saturday 7:00 to 23:00; and F3 for all nighttime, the entire Sunday and it 
is valid for holidays. Fig. 2 shows this trend during the week highlighting 
the BAU price as well as, in yellow, the price after the geopolitical issues 
of February 2022. 

The DECAPLAN platform is utilized to conduct Master Planning and 
Optimal Dispatch, integrating production, storage, and consumption. 
The system components are modeled using the DECAPLAN™ Digital 
Platform database (component libraries) and validated using real man-
ufacturers’ data. Additionally, economic parameters such as investment 
and operational costs are associated with each component. The technical 
data of the technological components and their mathematical formula-
tion in the model are detailed below. 

2.1. Solar PV 

The solar PV component in the model is represented by a lumped 
performance model, that includes in the optimal tilt angles and azimuth, 
in respect of the geographical location, according to the methodologies 
reported in [44]. This approach allows for the calculation of both the 
performance of the Solar PV and the Capital Investment (C0PV) by taking 
into account manufacturing parameters such as the reference Solar PV 
cell temperature (TCR), the type of Solar PV (mono or polycrystalline) 
and the reference (nominal) Solar PV efficiency. During off-design 
conditions, the actual efficiency is determined by normalized maps 
relating the reference efficiency, the DNI and PV cell temperature to the 
actual DNI and cell temperature (T). The efficiency generally increases 
as the cell temperature decreases. Typically, 0 ◦C is used as the minimum 
value. Therefore, it is expressed as a function of: 

ηPV = f
(

ηPVR
,

DNI
DNIR

,
T
TR

)

(1) 

The power generated by the solar PV system is calculated accounting 
for the number of PV modules (NPV), the direct normal irradiance (DNI), 
the PV area (SPVN) and the ambient temperature, as shown in Equation 
(2). 

PPV = NPV • DNI • SPVN • ηPV (2) 

The net power output given by equation (2) is consider in DC. In case 
that the implementation of an inverter is required for generating AC, a 
0.95 inverted peak efficiency is taken into consideration. 

The cost of the PV system (C0PV) is determined by the relationship 
between the type of PV technology used and its performance. The au-
thors have compiled a database of various PV modules based on 
manufacturer data and costs in [44]. In cases where costs are not pro-
vided, cost functions based on factorized methods are used to evaluate 
the cost of the PV system. According to IRENA [45], the average effi-
ciency of PV modules has been steadily increasing since 2006 and is 
expected to continue to do so through 2030. The efficiency of multi- 
crystalline PV panels was 13.2 % in 2006 and 14.7 % for mono- 
crystalline PV panels, and by 2018, it has risen to 24.2 % set by re-
searchers in the United States and the Republic of Korea, which is close 
to the lab record of 26.7 % for silicon. It is worth of note that in [45] the 
cost of the PV, COPV does not include the balance of the system, since it 
drastically depends of the specificity of each Solar PV installation. 

2.2. Hydrogen storage and utilization systems 

The H2 Storage System (H2-ST) model includes three main compo-
nents: the Electrolyser, the H2 Storage Tank and the Fuel Cell (FC). These 
three components work together to enable hydrogen charging, storing, 
and discharging, similar to Electrochemical Energy Storage (EES) sys-
tems. The model takes into account operating parameters such as the 
charging efficiency (ηElectrolyzer), discharging efficiency (ηFC), the State 
of Charge (SOCH2ST), and the maximum storage capacity (EH2ST) of the 
H2 storage tank. The FC and Electrolyser are selected from the DECAP-
LAN™ Digital platform database, and their costs, efficiencies, and off- 
design performance are also taken into consideration. Additionally, 
secondary losses have been factored into the efficiencies of the two 
components. The H2 mass or volume flow rate can be calculated by 
considering the Lower Heating Value (LHV) and the specific weight of 
hydrogen. The SOC, or state of charge, in this paper, is defined as the 
ratio of actual energy stored in the EES at a given time (t + 1) to the 
nominal capacity. It is a non-dimensional parameter and bounded by 
minimum and maximum SOC values. The ODP, or optimal dispatch 
problem, has inequality constraints expressed by the energy conserva-
tion equation and capacity at time step (t + 1) established as the capacity 
at time step (t) plus energy injected during charge or minus energy taken 
during discharge. An equality constraint is also introduced to ensure 
energy conservation over the EES’s entire period of operation, which can 

Fig. 2. Hourly trends of electricity tariff before and after geopolitical issues.  
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be adapted to weekly, monthly, or yearly time steps. The cost of a 
hydrogen system is determined by the cost of its main components, as 
illustrated by Equation (3). 

C0H2 = C0FC +C0ELZY +C0H2− ST (3) 

The cost of a fuel cell (C0H2) is primarily influenced by the technology 
used (FCType), its capacity (PFC), operating conditions and related effi-
ciency (ηFC), and configuration. Equation (4) provides the formula for 
calculating this cost. 

C0H2 = f
(
FCType,PFC, ηFC

)
(4) 

The cost of an electrolyzer (C0ELY)is largely determined by the 
technology employed (ELYType) (such as Alkaline or PEM), the capacity 
for producing hydrogen per hour (MH2), the operating pressure (pELY), 
and the efficiency of the system (ηELY). Equation (5) provides the formula 
for this cost. 

C0ELY = f
(
ELYType,MH2 , ηELY , pELY ,

)
(5) 

The final component of the system is the hydrogen storage tank. The 
cost of the storage tank (C0H2-ST)is established based on several factors, 
including the capacity of the tank (VH2), the insulation properties (sINSU), 
and the operating pressure (pH2). Equation (6) provides the formula for 
determining this cost. 

C0H2− ST = f
(
VH2 , sINSU , pH2

)
(6)  

2.3. Electrical energy storage systems 

Choosing the appropriate EES is contingent on various factors and 
the specific needs of the end user. In recent years, various EES tech-
nologies have been developed for a range of applications, such as mobile 
phones, electric vehicles, micro-grids and poly-generation applications 
that are often paired with solar PV. The EES component model takes into 
account several operating parameters such as charge and discharge ef-
ficiency, State of Charge (SOC), Depth of Discharge (DOD), nominal 
capacity, circuit current and voltage, Calendar Life (CL), and Number of 
Cycles (NC). These parameters are related to the specific EES family (e.g. 

Table 1 
CAPEX Comparison of different plant layouts towards 2040 scenarios.  
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Lithium-Ion, Vanadium Redox), nominal capacity, and Capital Invest-
ment through implicit equation (7). 

C0ELST = f (Type,EN , I,V, SOC,DOD,CL,NC, ηRTE, ) (7) 

This information can be used to populate a EES Database (DB) to aid 
in selecting the most suitable component for the intended application. 
For stationary applications in remote islands, lithium-based EES have a 
high energy density compared to other EES options and offers high- 
power discharge and excellent round-trip efficiency. The depth of 
discharge for these chemistries can be between 80 % and 100 %, and the 
estimated central round-trip efficiency for Li-ion technologies ranges 

from 92 % to 96 %. Additionally, there has been a reduction in capital 
costs over the years making their use in stationary applications 
increasingly competitive. 

2.4. Financial details 

The Incentives provided by the Italian Ministry of Economy [22] 
considers the prize, in the form of incentive (pIncentive) totally of 160 
€/MWh for the electric work generated through renewable energy 
sources and internally consumed (PINTERNAL). Accordingly, the incentive 
is quantified as: 

INCENTIVE =

∫365

0

PINTERNAL • pIncetive(t) • dt (8) 

The total incentive is the sum of the basic Self Consumption incentive 
of 110 €/MWh; the award for the avoided grid usage of 8 €/MWh and the 
avoided buy of the average day-ahead market price of around 42 
€/MWh. According to a report from the International Renewable Energy 

Table 2 
Comparison of different storage technologies and capacities versus different scenarios – NPV analysis.  

Table 3 
Optimal Energy Storage Capacity versus different scenarios.  

year OBJ: –> NPV BATT [kWh] H2 [kWh] 

2020 Best performing Capacity 500 500 
2030 Best performing Capacity 1000 500 
2040 Best performing Capacity 1000 500  

Table 4 
Comparison of different storage technologies and capacities versus different scenarios – Yearly Cash Flow analysis.  
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Agency (IRENA) [45], the cost of renewable energy sources, coupled 
with energy storage and hydrogen technologies, is projected to decrease 
significantly in the coming years. The Levelized Cost of Energy (LCOE) 
for solar PV technology is expected to drop from an average of 0.14 
$/kWh in 2018 to an average of 0.03 $/kWh in 2050. This decrease is 
driven by two main factors: the ability of manufacturers to produce solar 
PV modules at lower costs while maintaining high reliability and 
durability and the development and commercialization of materials and 
technologies that can increase energy conversion efficiency. In micro-
grid and off-grid applications, solar PV modules are often paired with 
EES systems. The IRENA report predicts that new EES technologies will 
enable higher round-trip efficiencies and longer battery lifetimes in the 
next decade. Hydrogen-based technologies are also gaining popularity 
for their potential to integrate with renewable energy sources and for 
peak shaving operations. 

2.5. Techno-economic analysis key performance indicators 

In this section, the financial model and indicators are outlined. The 
economic feasibility of the proposed solutions involves incorporating 
the costs of capital investment and operation into the overall analysis. 
Capital expenditure (CAPEX) covers the cost of components, construc-
tion, piping, and installation, such as the PV array for power generation, 
electrolyzer, fuel cell, and hydrogen tank for the hydrogen scenario, and 
battery facilities for the electrical storage scenario. β represents the bi-
nary variable that activates the option of H2 based storage (β = 1) or 
Electrochemical based one (β = 0). These costs are calculated using 
Equation (9). 

CAPEX = C0PV +(C0FC +C0EYZ +C0H2− ST ) • β+C0ELST •(1 − β) (9) 

The costs of operation (OPEX) include plant running costs, such as 
the cost of purchased (pel

IMP is expressed in €/MWh and PIMP expressed in 
MW), and sold electricity, as well as maintenance costs (expressed in €) 
which have both variable (MEOH) and fixed (M0) components based on 
component equivalent operating hours (EOH). The overall cost of 
operation is calculated by Equation (10), where k represents the k-th 
component of the plant layout 

OPEX =

∫365

0

PIMP • pelIMP (t) • dt+
∑NCOMPONENT

k=1

[

M0 +

∫ 365

0
MEOH(t) • dt

]

k
(10) 

Investors and stakeholders typically use financial indicators such as 
Net Present Value (NPV), Internal Rate of Return (IRR), Discounted 

Payback Period (DPBP), and Total Cost of Ownership (TCO) to evaluate 
the viability and risk of a project. 

The most commonly used financial indicator for determining the 
feasibility of a project is the NPV. This parameter considers various 
factors such as the yearly cash flow, the interest rate, inflation, and 
system’s lifetime. It is calculated by subtracting the yearly costs from the 
yearly revenues, as seen in Equation (20). A compact form of the NPV is 
presented in Equation (11). 

NPV =
∑N

k=1

CFk

(1 + i)k − CAPEX (11) 

The Discounted PayBack Period (DPBP) is a metric that determines 
the number of years needed for the Net Present Value (NPV) of a project 
to reach zero. This is calculated by using Equation (12). 

DPBP = {NYR|NPV = 0} (12) 

This financial indicator is useful for assessing the risk of an invest-
ment and also for understanding the potential for growth in revenue. For 
example, if two projects have the same NPV, the project with the shorter 
DPBP will generally have a higher return on investment over the lifetime 
of the project. Additionally, a shorter DPBP also means less exposure to 
risk. 

The Internal Rate of Return (IRR) is a metric used to determine the 
profitability of potential investments by determining the interest rate at 
which the net present value (NPV) of the investment is equal to zero. 
This can be calculated using Equation (13). 

IRR = {i|NPV = 0} (13) 

The IRR is used to measure the annual growth rate of an investment, 
while the Discounted Payback Period (DPBP) measures the total growth 
of an investment from start to finish. 

Another metric used to evaluate the feasibility of a project is the 
Total Cost of Ownership (TCO). This metric considers all costs associated 
with an investment, including initial costs, operating costs, maintenance 
costs, and in some cases, residual value. In this study, the TCO is 
calculated using a methodology outlined in a specific reference and is 
represented by Equation (14). 

TCONy =
CAPEX

Ny
+OPEX (14) 

The TCO is calculated on an annualized basis and is used as the 
primary objective for the planning problem as it is less affected by 
variations in operating costs. 

Meeting the electricity load demands is achieved by reducing the 
ObF and adhering to the system limitations. A mathematical optimiza-
tion method known as MILP is utilized to find the optimal solution. 
Equation (15) shows the OPEX that needs to be maximized. 

ObF − Searchminof : OPEX =

∫365

0

PIMP • pel(t) • dt −
∫365

0

PInternal • pincetive(t) • dt

(15) 

Finally, Equation (16) takes into account the limitations on energy 
flow and its distribution. 

PLOAD • Δt = PPV • Δt +PIMP • Δt+P−
ST • Δt − P+

ST • Δt − PEXP • Δt (16) 

The findings will be discussed in the following section. 

3. Results and discussion 

In this section, the authors present the results of the techno-economic 
optimisation carried out by the DECAPLAN™ Digital Platform, consid-
ering different energy storage capacities and types of storage versus 
eight scenarios. The authors have discussed the details of the different 
energy storage technologies and the related capital costs (CAPEX) in 

Fig. 3. Yearly Cash Flow increase between Cases with and without Self 
Consumption. 
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another paper [44], highlighting how the different technology’s costs 
will decrease for 2020, 2030 and 2040 scenarios. Regarding the different 
scenarios the authors have investigated in this paper, eight different 
scenarios in which energy consumption and the related costs differ in 
respect of the system operations before, during and after the COVID-19 
pandemic, and also in respect of the price of the electricity before (Old 
Price – OP) and after (New Price – NP) the energy crisis, partially related 
to the war, and to the incentives that the Italian Government have 
enabled for the Self-Consumption of electricity generated by Renewable 
Energy Resources, namely PV in this paper. 

Accordingly, the different scenarios are listed below:  

• #1 PRCV_NSC_OP (Pre-Covid No Self-Consumption Old Price)  
• #2 PRCV_WSC_OP (Pre-Covid With Self-Consumption Old Price)  
• #3 DUCV_NSC_OP (During-Covid No Self-Consumption Old Price)  
• #4 DUCV_WSC_OP (During-Covid With Self-Consumption Old Price)  
• #5 POCV_NSC_OP (Post-Covid No Self-Consumption Old Price)  
• #6 POCV_WSC_OP (Post-Covid With Self-Consumption Old Price)  
• #7 POCV_NSC_NP (Post-Covid No Self-Consumption New Price)  
• #8 POCV_WSC_NP (Post-Covid With Self-Consumption New Price) 

The optimisation aimed to understand the best capacity of the energy 
storage technologies in respect of the different scenarios, assuming an 
installed capacity of 715 solar PV, with a nominal peak capacity 250Wp. 
According to [45], the solar PV nominal efficiency has different values 
for 2020, 2030 and 2040 optimisation. Regarding cases #7 and #8, the 
effect of the energy crisis related to the geopolitical issues of February 
2022 have been mentioned in Fig. 2, where the Old Price (OP) and the 
New Price (NP) are before and after this event, respectively. 

3.1. Techno-economic analysis 

The results of the technical analysis have been summarised in Ta-
bles 2 and 4 for the net present value and for the yearly cash flow, 
respectively. Indeed, while the net present value accounts for CAPEX 
and OPEX concurrently, giving an immediate result on the financial 
viability of the various scenarios, the results presented for the yearly 
cash flow allow an understanding on how the selection of the optimal 
energy storage technologies and related capacity, leads to optimal 
operating strategies in a day to day system operations. CAPEX and OPEX 
are presented for the 2040 cases in Table 1. Indeed, as a result of the 

Fig. 4. 1000 kWh H2 Storage – Case #1 and Case #2.  
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MILP-based optimisation, the DECAPLAN™ Digital Platform allows for 
solving the hourly optimal dispatch problem, supporting and estab-
lishing the definition of the optimal plant operating strategy, as pre-
sented by the authors in another paper [46]. 

Looking at the 2020 scenario and at cases #1, #3 and #5 in Table 2, 
it is interesting to understand that none of the energy storage configu-
rations (1–8) leads to an economically viable NPV. Indeed, both the 
Battery and the H2 Storage solutions have a negative value of NPV. 
When the government provides the Incentive for Self-Consumption of 
electricity, rewarded at 160 Euro/MWh, the most effective scenario (4 
and 5) with 500 kWh and 1000 kWh of Battery Capacity allows for a 
positive – even if only minimal - NPV in cases #2, #4 and #6. In the last 
two columns of Table 2, the optimisation results show how the increased 
electricity price tariff helps and supports the penetration of energy 
storage technologies on a larger scale. Indeed, for the 500 kWh Battery 
Energy Storage, when #7 is compared with #5, the NPV becomes pos-
itive, resulting in a value NPV#7 = +187 k€ versus NPV# = − 158 k€. 

The economic viability of larger-scale energy storage design becomes 
even more convenient in case #8, and positive NPV can be observed for 
the cases 500, 1000 and 1500 kWh of Battery Energy Storage. For 500 
kWh, indeed, when compared with case #7, for 500 kWh, the NPV#8 =
+597 k€. Furthermore, case #8 also shows a positive NPV#8 for the 500 
kWh H2 Energy Storage. 

In the scenarios 2030 and 2040, according to the reduction of the 
CAPEX [44] of the storage technologies and the improvements of the 
performances in terms of lifecycle durability and efficiencies (PV and 
ESS round trip efficiency), the economic viability of larger scale energy 
storages also becomes sustainable. Indeed, comparing the 500 kWh H2 
and Battery Energy Storages, NPV#8 for cases 2030_9 and 2030_13 
becomes + 502 k€ and + 745 k€, respectively, while looking at 2040_17 
and 2040_21, NPV#8 increases even more up to + 734 k€ and + 819 k€. 
The Energy Storage capacity that maximises the NPV is different be-
tween H2 and Battery Energy Storage for 2030 and 2040 scenarios, 
indeed for 2020, the positive NPV is for both the technology 500 kWh, 

Fig. 5. 1000 kWh H2 Storage – Case #3 and Case #4.  
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while 2030 and 2040 show that 500 kWh is the optimal capacity for the 
H2 Energy Storage and 1000 kWh for the Battery Energy Storage. 
Indeed, the NPV#8 in cases 2030_14 and 2040_22 is + 779 k€ and + 925 
k€, respectively, leading to +4.5 % and +13 % higher NPV when 
compared with 500 kWh Battery Energy storage capacity. A summary of 
the optimal capacities in respect of the different scenarios 2020, 2030 
and 2040 is given in Table 3. 

Table 4 shows the detailed economic results for the different sce-
narios focusing on the yearly Cash Flow (CFy) obtained by integrating 
RES with energy storage solutions of different capacities. 

A general trend can be derived by observing the relationship between 
the size of the storage technologies and the yearly Cash Flow. In all the 
configurations, the larger the storage capacity, the higher the cash flow. 
Indeed, a larger storage capacity allows for better peak shaving opera-
tions that directly imply a reduction of the purchase of electricity at 
higher prices when the system can rely on a larger discharging capacity 
of the time. When the Self-Consumption is incentivised, the yearly cash 
flow increases drastically – up to 600 % in cases #2, #4 and #6 when 
compared with #1, #3 and #5, while for case #8, the increase is limited 
to about 100 % when compared with #7. The candlestick chart with 
more details of the variability of the % for each case is given in Fig. 3. It 

highlights that the maximum benefit related to the Self Consumption 
incentive is during the Covid-19 pandemic. It is essential to highlight 
that the in the evaluation of the different scenarios, the excess of the 
electricity generated and exported to the grid has not been included in 
the economic analysis since there is no remuneration for the kWh 
exported to the grid in the specific case studies. This aspect justifies why 
the yearly Cash Flow in some cases is higher for the H2 storage in respect 
of Battery Storage. Accordingly, taking #4 into consideration 2020_1 
and 2020_5 case studies, the electric work exported to the grid is 0.0 
kWh and 27697.48 kWh, respectively. 

Thus, if it is true on one hand that 2020_1yearly Cash flow is + 70 k€, 
and the equivalent yearly Cash Flow for 2020_5 is only + 56 k€, is also 
true that if the electric work exported to the grid had been monetized, 
the yearly Cash flow related to the battery scenario would have been 
higher. 

Another consideration that can be deduced from the analysis of data 
in Table 4 and Fig. 3 is that cases #7 and #8, characterized by a 
significantly higher cost of the electricity to be purchased, present a 
lower % benefit from the incentives, and this is due to the fact that 
dispatching operating strategy already has tried to maximize the inter-
nal self-consumption, even if without the incentives. Indeed, it can be 

Fig. 6. 1000 kWh H2 Storage – Case #5 and Case #6.  
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observed that the variability range of increased yearly cash flow of case 
#8 is between +80 % and 125 % higher compared to case #7. In ab-
solute value, the increase of the storage capacity results in an increase in 
the yearly cash flow in all of the scenarios. Still, it is worth of note that 
on relative percentage values, this trend is the opposite. This is because 
the higher the energy storage capacity, the higher the losses due to 
round-trip efficiency. 

3.2. Self-consumption and optimal operations 

In this section, the authors present the comparison of optimal 
dispatch profiles with and without Self-Consumptions, for the different 
cases (#1 to #6), for the prices of the 2020 scenarios, and assuming the 
1000 kWh storage capacity, both for H2 and Battery Energy Storage. The 
comparison is carried out for the same two months for 2019, 2020 and 
2021, respectively. Indeed, during the pre (#1, #2), during (#3, #4) and 
post (#5, #6) Covid-19 pandemic, end-user electricity utilisation differs, 

and the electricity source affects the load demand. Data on the electricity 
consumption have been collected in situ by a proper smart-metering 
station and sampled every hour. Accordingly, it is possible to under-
stand how the pre, during, and post-pandemic scenarios lead to different 
load demand profiles characterised by different trends and peaks. This is 
the first element that required DECAPLAN™ Digital Platform to perform 
complex calculations for accounting for the load variability in the 
overall optimisation process. 

In Figs. 4 to 6, the black line represents the load demand (Pload), the 
red area is the electricity imported from the grid (Pimp), the yellow area 
is the electricity generated by the PV (PPv), the grey area is the state of 
charge of the energy storage technology (0–100 %), and the green area is 
the electricity exported (Pexp) to the grid. 

The aim of this section is to understand and discuss how the Self- 
Consumption Incentives promoted by regulatory agencies at a Na-
tional Level affect and influence the optimal design and operations of 
multi-energy systems characterised by high penetration of renewable 

Fig. 7. 1000 kWh EE Storage – Case #1 and Case #2.  
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energy resources and novel energy storage solutions. The scenarios 
based on 1000 kWh H2 Storage are presented in Figs. 4 to 6, while the 
1000 kWh Battery Storage is given in Figs. 7 to 9. The charts on the left 
represent the scenario without Self-Consumptions, and the charts on the 
right represent the scenario with Self-Consumption. 

The first immediate observation that results from the comparison of 
the different cases given in Figs. 4 to 6 is related to the fact that with 
1000 kWh H2 storage, when the incentives are subsidised, there is no 
surplus of electricity exported to the grid. Indeed, it can be observed that 
in all the right charts, there is no green area since during the period with 
the highest solar availability, the system is self-sustained and with the 
optimised control strategy of the energy storage, it is not required to 
export electricity. It is also worth of note that during the hot season, in 
almost all cases, the system does not import electricity from the grid. The 
control strategy proposed by the optimised results given by DECAP-
LAN™ Digital Platform shows different energy storage management in 
respect of the time period (pre, during and after post Covid-19 

pandemic) and with respect of the Self-Consumption incentive. the 
load profile related to The former aspect, related to the different periods, 
affects the duty cycle of 1000 kWh H2 storage, especially in the first 
month of the chart, where the load demand is higher due to the sea-
sonality (winter/spring), the latter aspect, related to the Self- 
Consumption of the incentives, affects the management of the 1000 
kWh H2 storage by increasing the number of the duty cycle since it is 
more convenient to self-generate in this case than export and import to 
the grid in peak/off-peak tariff. 

Looking at the scenario equipped with 1000 kWh Battery storage, 
results are given in Figs. 7 to 9. Similar consideration can be carried out 
also in this case on the way that the Self-Consumption Incentives in-
fluence the capability of the system to export and self-consume the 
electricity generated and stored by the system. 

The competitive advantage gained by the higher round-trip effi-
ciency of the 1000 kWh Battery storage when compared to the 1000 
kWh H2 storage is clearly shown in Fig. 9 Case#6, where in respect of 

Fig. 8. 1000 kWh EE Storage – Case #3 and Case #4.  
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Fig. 6 Case#6, the system equipped with the 1000 kWh Battery storage 
does not require to import any electricity from the grid during the sec-
ond month of operation, where solar availability is higher. Furthermore, 
the other aspect connected to the higher round trip efficiency is shown 
by the number of full charge/discharge cycles among the time series in 
all the scenarios. Indeed, the higher the round-trip efficiency, the lower 
the losses and the higher the flexibility of operating the system with 
reduced yearly cash flow. 

The support at a National Level for the Self-Consumption of renew-
able energy-generated electricity brings benefits related to the multi- 
energy system’s economic viability. Indeed, a decentralised – rela-
tively small - self-sustained energy community that does not export and 
inject power into the national grid is actively supporting the optimal 
operation of national grids as well, reducing the TSO and DSO compli-
cations of dealing with the uncertain and highly unpredictable 

distributed generation of electricity derived by renewable energy re-
sources, especially when of small capacity. Furthermore, the subsidising 
of Self-Consumption incentives also supports the long-term trajectory 
where demand response and arbitrage/ancillary services will become 
more and more important for giving national grid reliability and sta-
bility, with reduced impact on the carbon emissions. 

3.3. Price variability and optimal operations 

The other analysis carried out by the authors is related to under-
standing and discussing which implication derives from the optimal 
control strategy of the system when that the electricity price varies. 
Indeed, for Cases #6 and #8, 1000 kWh H2 and Battery storage, the 
profile of the optimal dispatch strategy of the system for the two months 
of operations have been presented in Figs. 10 and 11. In these analyses, 

Fig. 9. 1000 kWh EE Storage – Case #5 and Case #6.  
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the authors have tried to emphasise how the control strategy of the 
system, sustained by the Self-Consumption incentives, is affected by the 
electricity price variability, with the Old Price and New Price, presented 
in Fig. 2. 

Fig. 10 shows how the increase of almost 300 % of the electricity 
price from the OP to the NP, affects the duty cycle of the 1000 kWh H2 
storage. Indeed, despite the higher losses related to the relatively small 
round-trip efficiency of the storage system, the optimal control strategy 
addressed to maximise the yearly cash flow (reducing the OPEX), allows 
for more charge/discharge cycles for enabling a more effective peak 
shaving of the purchase of the electricity (Pimp). 

Indeed, even if the overall system efficiency decreases due to the 
losses occurring during the storage duty cycle, the positive outcome on 
the electricity bill justifies this control strategy. A similar trend, even 
more evident, can be encountered in Fig. 11, where the higher round trip 
efficiency of the 1000 kWh Battery storage systems allows for better 

operations and reduced OPEX, as per Table 3 in the previous section. 
Indeed, thanks to the implementation of the most suitable technology of 
Energy Storage and its related optimal capacity, thanks to the optimised 
dispatching profile provided by DECAPLAN™ Digital Platform, the 
yearly cash flow of case #8 are at least 40 % higher than that of case #7. 
Combining the results given in Figs. 10 and 11 with Table 3, it can be 
summarized that the yearly cash flow (savings on the running cost of the 
system if it is not equipped with PV and Storage solutions) for 1000 H2 
Storage 48 % higher when NP is in place versus OP. The benefit becomes 
55 % for the 1000 Battery Storage since its round-trip efficiency is 
higher. 

The authors have also compared the scenario for the full-time period 
post-Covid-19 pandemic, considering the New Price of the electricity, 
and 1000 kWh H2 and Battery storage solutions have been compared as 
well, as depicted in Figs. 12 and 13. Also, in this case, the higher round 
trip efficiency of the 1000 kWh battery storage allows for more duty 

Fig. 10. 1000 kWh H2 Storage – Case #6 and Case #8.  
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cycle of the period, even if as already shown in Tables 1 and 3, also the 
H2-based storage provides for the beneficial economic viability of the 
solution. 

4. Conclusions 

In the paper, the authors investigate the implementation of solar- 
based power systems equipped with energy storage technologies in a 
Renewable Energy Community composed of 5 fully electrified buildings. 
One of the main problems of long-term energy storage is related to the 
huge capacity and the large footprint occupancy required to allocate the 
storage system, especially looking at electrochemical energy storage. 
The authors filled the gap in the existing literature by providing an 
extensive techno-economic assessment of the implementation of H2- 
based storage solutions applied to the Renewable Energy Community 
framework. Furthermore, a competitive advantage of H2-based storage 

is to allow flexibility of the system operation by implementing H2 as an 
energy carrier. Accordingly, H2 can also be adapted for heating and 
transportation purposes – should there be excess in satisfying the energy 
demands or if economic viability allows. 

The paper aims to investigate which parameters affect more signif-
icantly the optimal selection of the system equipment such as solar PV, 
Fuel Cell, Electrolyser, Electrochemical Energy Storage and H2 storage 
in meeting the global call for CO2 reduction, financial and economic 
viability and, at the same time, ensuring high reliability and availability 
of the power system. Accordingly, the authors have been adopting the 
DECAPLAN™ Digital Platform to optimise the Master-Planning and 
optimal dispatch problems. By relying on a Hybrid Genetic Algorithm/ 
MILP solver, the DECAPLAN™ Digital Platform allowed for optimising 
multiple scenarios for NPV maximisation and OPEX minimisation for 
multiple scenarios. 

Indeed, calculations have been carried out for load demands before, 

Fig. 11. 1000 kWh Battery Storage – Case #6 and Case #8.  
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during and after COVID-19 pandemic, including the electricity price 
variability due to the energy crisis started in 2021/2022. Among the 
optimisation parameters, the scenarios of 2020, 2030 and 2040 have 
been investigated, considering the various technologies’ improvement 
and the reduction of the related CAPEX due to the maturity of the 
technologies. The introduction of Incentives at the National Level for 
Self-Consumption has also been considered, with a value of 160 €/MWh. 

Results show that given a 200 kWp installed solar PV capacity, the 
optimal storage capacity based on the H2 storage is 500 kWh, while it 
ranges up to 1000 kWh when Batteries are considered. The lower round- 
trip efficiency plays a role in downsizing the H2-based storage capacity. 
At the same time, the reduced CAPEX related to smaller storage makes 
the solution attractive, especially in the post-Covid-19 scenario. 

Introducing Self-Consumption Incentives allows more flexibility for 
distributed energy resources from a design perspective, allowing for 
larger storage potential. Indeed, it will be beneficial for the seasonality 
of a distributed energy system and for supporting the national grid in 
reducing the noise and the impure frequencies derived from the injec-
tion into the national grid of the electricity generated through 

intermittent renewable energy resources. 
On the financial aspect, the paper put the basis for future in-

vestigations on how financing mechanisms could make the solution 
more attractive for investors and government agencies since the annual 
return on the investment for some of the 2030 and 2040 scenarios as-
sumes values up to 15 % and 25 %, respectively. Indeed, to increase the 
financial viability of the solutions, in further work the authors plan to 
include Carbon Certificates, Carbon Tax and Carbon Trade mechanisms. 
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Fig. 12. Case#8-1000 kWh H2 Storage full period.  

Fig. 13. Case#8-1000 kWh Battery Storage full period.  
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