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� Novel multi-state optimal power dispatch model for power-to-power energy systems.

� Multi-year techno-economic evaluation of an off-grid case study.

� Phasing out fossil fuels with renewable energy-based hybrid energy storage systems.

� Hydrogen technology contributes to a lower levelized cost of energy.

� High initial investment cost was a significant entry barrier to deploying hydrogen.
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a b s t r a c t

The electricity production from Renewable Energy (RE) in isolated locations requires long-

term energy storage systems. To that end, Hybrid Energy Storage Systems (HESS), through

a combination of hydrogen and batteries, can benefit from the different advantages of both

technologies. This paper presents a hybrid Power-to-Power (PtP) Optimal Power Dispatch

(OPD)model for isolated systemswithnoelectric grid access. Currently, the electricity supply

in such cases is usually based on a mix of RE as the primary energy source sustained by a

diesel genset acting as a backup generator. In this context, the model delivers the hourly

energy flows between renewable production sources, energy storage devices and the elec-

trical load, which minimises costs and Green House Gases (GHG) emissions. For validation

purposes, the model was tested through its application to a case study in an isolated area in

the Canary Islands, Spain. The results show that the algorithm calculates the hourly OPD

successfully for a given plant sizing, considering the defined operational states of the

different assets. These operational constraints showed a decrease in the PtP round-trip ef-

ficiency of 5.4% and a reduction of the hydrogen production of 9.7%. Finally, the techno-

economic analysis of the results proves that the combination of hydrogen and batteries

with RE production is a feasible alternative to phasing out fossil fuels for the selected case

study e reducing the diesel generator usage down to 1.2% of the yearly energy supply.
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Abbreviations

Acronyms

AM Ante Meridiem

BB Battery Bank

BESS Battery Energy Storage System

DG Diesel Generator

EPC Infrastructure and Project Procurement Cost

EU European Union

FC Fuel Cell

FCEV Fuel Cell Electric Vehicle

FCH-JU Fuel Cells and Hydrogen Joint Undertaking

GHG

Green House Gas

HESS Hybrid Energy Storage System

H2 Hydrogen

HT Hydrogen Tank

IPCEI Important Project of Common European Interest

MES Multi-Energy Systems

MILP Mixed-Integer Linear Programming

OPD Optimal Power Dispatch

PEM Proton Exchange Membrane

PERC Passivated Emitter and Rear Cell

PM Post-Meridiem

PV Photovoltaic Panel

PtG Power-to-Gas

PtHtP Power-to-Hydrogen-to-Power

PtP Power-to-Power

PtX

Power-to-X (Power-to-Anything)

RE Renewable Energy

RES Renewable Energy Sources

SB Stand-By

TEA Techno-Economic Assessment

WE Water Electrolyser

WT Wind Turbine

Units

(M)W (106) watts [power - energy per unit time]

(k)Wh (103) watts per hour [unit of energy]

(G)W (109) watts [power - energy per unit time]

kg Kilogram [unit of mass]

m2 Square metters [unit of area]

m/s Metters per second [unit of linear speed]

s Second [unit of time]

h 60 s, hour [unit of time]

EUR Euros - ε [currency]

y 8760 h, year [unit of time]

Parameters

A Area [m2]

Pak; Power [kW]

Ca
k Charge/discharge C-rate [%]

SOCa
k State Of Charge [%]

ga
k Conversion rate [kWh/H2 kg]

SUa
k Start-up [number of cycles]

d Discount rate [%]

Sak Rated capacity [kWh or H2 kg]

LCOE Levelised Cost Of Energy [EUR/kWh]

TR Tax rate [%]

MPLa Minimum Partial Load [%]

U Units [ud.]

NPV Net Present Value [EUR]

vv Speed [m/s]

hak Efficiency [%]

Variables

a=bai Operationl state per time step [binary]

Pai;j Power output per time step [kW]

CAPEXi Capital Expenditures [EUR/y]

rai Load factor per time step [%]

CFi Cash flows [EUR/y]

Ri Revenues [EUR/y]

Curti Curtailment per time step [kWh]

SIi Solar Irradiation per time step [W/m2]

DAi Depreciation and amortization [%]

SOCa
i State of Charge per time step [%]

EXa
i Expenditures per time step [EUR/y]

SU countai Start-up counter [number of cycles]

Loadi Load to supply per time step [kW]

TXi Tax payments [EUR/y]

OPEXi Operational Expenditures [EUR/y]

WSi Wind Speed per time step [m/s]

Indices

a BB, HT, FC, WE, PV, WT [asset]

i Time step granularity: t, t-1, y [t -hourly, t-1

previous time step, y - yearly]

k Charge, discharge, nominal, stand-by, idle,

maximum, minimum, rated [specific

characterization parameter]

v Minimum (c-in), maximum (c-out) and rated

[characterization parameter]

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
Introduction
As the European Union (EU) 2030 Climate Target Plan aims at

cutting greenhouse emissions by 55% below 1990 levels, the

policy scenarios foresaw a ramp-up of the installed electro-

lyser capacity between 37 and 66 GW by 2035 in the EU coun-

tries [1]. On top of the “fit for 55” plan for energy transition, the

RepowerEUplan increased the budget for hydrogenprojects by
Please cite this article as: Martinez Alonso A et al., Multi-state optim
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300 million euros, setting an additional target of 10 million

tonnes of domestic renewable hydrogen production and 10

million tonnes of imports by 2030 to end the EU's dependence

on Russian fossil fuels [2]. Furthermore, the first-ever Impor-

tant Project of Common European Interest (IPCEI) in the

hydrogen sector - IPCEI Hy2Tech, was announced in July 2022

with a total investment plan of almost 14.2 billion euros [3].

Consequently, hydrogen has emerged as a sustainable energy
al power dispatch model for power-to-power systems in off-grid
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vector and an alternative to maximizing Renewable Energy

(RE) usage in hard-to-abate niche markets [4,5]. Thus, ha vari-

ety of projects and research initiatives [6e10] are currently

exploring the different potential applications of hydrogen,

which are often classified depending on the final end-use.

The term Power-to-X (PtX) refers to the transformation of

electricity as the primary energy source into another energy

vector, such as heat, cold, or in the case of this article,

hydrogen - or even ammonia or methanol [11]. Power-to-Gas

(PtG) or Power-to-Hydrogen (PtH) involves hydrogen produc-

tion with RE via a water-splitting process known as electrol-

ysis [12,13]. Therefore, PtG lieswithin the scope of PtX and also

the further application or conversion of this hydrogen into a

third energy vector. Power-to-power (PtP), or power-to-

hydrogen-to-power (PtHtP), comprises the generation, stor-

age and further transformation of hydrogen back into elec-

tricity through a fuel cell [14]. It can also be found in the

literature as one of the applications within the umbrella term

PtX [15,16] or in studies that focus on reversible processes

such as solid oxide cells [17].

Hydrogen has the potential to become a viable and deca-

rbonised solution for reliable long-term and large-scale stor-

age in different types of energy systems [14,18]. Its low self-

discharge rates, stackable capacity, and high energy density

[17] enhance its potential and cost-competitiveness as a dec-

arbonised alternative to traditional fossil fuels. It has the po-

tential to reduce the electricity curtailment of off-grid RES-

dominated systems [19]. Hydrogen used as energy storage for

re-electrification still faces several issues, including high

initial investment costs and very low round-trip energy con-

version efficiency compared to electrochemical batteries

[20,21]. However, often compared, batteries and hydrogen can

actually benefit from the combined operational dynamics of

both technologies [22,23]. Hybrid Energy Storage Systems

(HESS) in power systems subjected to high volatility and un-

certainty are rising as a promising application of hydrogen

technology thanks to the enhanced synergy when coupled

with batteries [24]. Nevertheless, the concept of HESS does not

necessarily apply to hydrogen, it has largely researched in the

literature, from batteries in combination with fly-wheels [25],

batteries and supercapacitors for assisting diesel-fueled

maritime applications [26], or simply for the purpose or

increasing the battery lifetime [27], to batteries combinedwith

pump storage for maximizing large-scale wind power gener-

ation [28]. The competitive advantage of HESS including

hydrogen can be found in RE-powered scenarios where large-

scale seasonal storage is required [29], for example, when

providing flexibility services for the electric grid at the regional

or national level [30] or when the unavailability of the electric

grid access and balancing services rely on the energy storage

systems [31]. Hence, multiple studies have addressed the po-

tential of hydrogen in the configuration of remote off-grid

systems. Even though in 2018, its competitiveness versus

diesel generators was still arguable [32], more recent studies

have proved the cost-effectiveness of hydrogen for long-term

storage, increasing the stability of energy systems with high

penetration of renewables, reducing the size of Battery Energy

Storage Systems (BESS) and reducing the cost and environ-

mental impact versus diesel generators in backup power

generation [29,33e35].
Please cite this article as: Martinez Alonso A et al., Multi-state optim
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Traditionally, in optimal design and operation problems,

the modelling of Multi-Energy Systems (MES) [36] has been

achieved through power limits that consider the continuous

dynamics of the involved assets [37]e[41]. The discrepancy

arises regarding the specific power dispatch modelling strat-

egy of HESS. While valid and broadly applied to BESS-

dominated MES [41,42], this approach risks being too

simplistic for the modelling of hydrogen technology [43]. For

example, when combining hydrogenwith other vectorsmulti-

objective models are often found in literature, such as

biomass waste and water [44], heat, cooling and thermal

storage [45], or yet again batteries and hydrogen [46]. However,

if a higher level of characterization is desired, the operational

aspects need to be addressed, frequent cold start-up cycles

could greatly impact the degradation of the equipment [47,48].

Nevertheless, the implications of the intermediate states of

operation exceed the scope of degradation and lifetime pre-

diction models. Previous research addressed this debate and

found that detailed modelling of the operational states and

efficiency of electrolysers can greatly impact the results of the

optimal dispatch strategy e with a 13.5% yearly reduction of

hydrogen production compared to a simplified model [49], or

effect on the minimal partial load depending on the stack

consideration [19]. Even when broadening the analysis to MES

hubs, the application of partial-load efficiencies and mini-

mum run times had a big impact on themodelling results [50].

Therefore, accurate modelling is a desirable aspect when

optimising hydrogen technology's power dispatch, and

different authors have integrated these aspects for PtG or PtG

systems. Different approaches were found depending on the

application of the electrolyser. For example, consideration of

intermediate states of operation, such as ‘on’, ‘hot-standby’

and ‘idle’, were addressed for grid flexibility services [51], even

though assumptions were applied to reduce the complexity of

the formulation by neglecting the idle state. Furthermore, the

same authors, in amore detailedmodel, studied the operation

of electrolysers under dynamic conditions, this time consid-

ering the previously defined three operational states, while

addressing the effect of cold starts was addressed by limiting

its number [52]. However, both these optimal power dispatch

algorithms were limited by the time resolution, only man-

aging to solve 3e6 days long windows. A similar case was

found in a model for the direct integration of electrolysers

with wind turbines. However, in this case, the intermediate

states were neglected by detailed thermal modelling with

ramp-up and ramp-down constraints of the electrolyser [53].

Specifically regarding PtP, most of the power dispatch

strategies regarding hydrogen technology were found in the

mobility field. The implementation of complex powertrain

architectures for fuel-cell electric vehicles (FCEVs) relies on

different energymanagement systems andmulti-level control

that address the operational complexity of HESS with

different dynamics, namely supercapacitors, batteries and the

assembly of hydrogen storage with fuel-cell [54]. For instance,

a study took into account operational constraints such as up/

down ramping of the assets [55]. Then, concerning stationary

applications, only a few sequential models for model predic-

tive control have attempted to consider the dynamics and real

operational conditions of hydrogen equipment by assuming

different states for optimal operation [56]. In this line, more
al power dispatch model for power-to-power systems in off-grid
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efforts should be made towards facilitation hydrogen

deployment in off-grid settings [57].

Therefore, we conclude that the level of characterisation of

existing literature regarding PtP OPD models for HESS can be

further explored. Characterising the operational constraints

of hydrogen technology is key to accounting for the lower

efficiency and reduced power output during transitions be-

tween states, even to considering and/or limiting the number

of cold-starts of the equipment, which could affect the life-

time of the equipment. In the end, the real operation of the

assets needs to be considered in the modelling of the assets.

Then summarising, the novelty of the present paper is found

in the following key aspects.

� Novel multi-state optimal power dispatch model for off-

grid power-to-power hybrid energy storage systems,

including a diesel generator, batteries, electrolyser,

hydrogen storage and fuel cell.

� Development of an optimal power dispatchmodel for year-

longwindow simulationswith hourly granularity, enabling

further multi-year techno-economic assessment.

� Consideration of operational constraints in the modelling:

transition between intermediate states of operation and

minimum partial loads, as well as differentiation between

warm and cold start-ups e limiting these last ones.

� Validation of the model through application to a real case

study, followed by extensive techno-economic analysis.

To this end, the paper is structured as follows: (i) Section

‘Introduction’ describes the context and state of the art. (ii)

Section ‘Methodology and Mathematical formulation of the

model’ describes the algorithm and equations composing the

model. (iii) Section ‘Case study: The Remote project’ shows the

application of the model to a case study as a means to probe

its performance. (iv) Section ‘Results and discussion’ presents

the techno-economic results achieved by applying the OPD

model to the case study. (v) Section ‘Conclusions’ introduces

the lessons learnt and future research steps.
Fig. 1 e Layout of the en
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Methodology and mathematical formulation of
the model

The methodology developed and proposed in this paper is

based on an OPDmodel for hourly load follow-up over a yearly

simulation. Furthermore, financial indicators for applying the

model to a broader Techno-Economic Assessment (TEA) are

presented. The model considers all elements, including

photovoltaic panels (PV), wind turbines (WT), battery banks

(BB), diesel genset (DG), water electrolysers (WE), hydrogen

tanks (HT) and fuel cells (FC). The assembly of BESS or BB, WE,

HT and FC will be referred to as HESS (see Fig. 1)

The mathematical formulation of the model has been

divided into different sections referring to the objective

function, the data input and the various assets. These were

modelled based on different sets of parameters (Parameterasset),

variables e which were denoted as a function over time

(VariableassetðtÞ ), constraints and equations that were applied to

characterise their operations and physical behaviour. Never-

theless, some general assumptions were made upon the

characterisation of the assets: non-linear or quadratic effi-

ciencies were not considered, and effects from self-discharge

and degradation of energy storage systems were neglected.

Regarding the definition of the different variables, all the

operational states applying to all assets were defined as bool-

eans. Furthermore, the state of charge and load factor were

defined as reals between 0 and 1ewhich also applied to all the

parameters defined as percentual values: asset efficiencies,

minimum partial loads (MPL), minimum and maximum ca-

pacities, transition times and charge/discharge current rates.

At last, regarding the power balance equations, loads were

considered positive and generators negative (PV, WT, BB in

discharge and FC), following the passive sign convention.

Given the nature of the problem, combining linear func-

tions with quadratic constraints and continuous and discrete

variables, the algorithm was formulated based on Mixed-

Integer Linear Programming (MILP). The problem was
ergy system model.

al power dispatch model for power-to-power systems in off-grid
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Fig. 2 e Multi-operational state model: On, Standby and

Idle.
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written in Python by means of the Pyomo framework and

solved using Gurobi.

Objective function

The objective function of the optimisation in Equation (1)

contains the expression of the Net Present Value (NPV),

calculated as the minimisation of project Expenditures

(EXasset
ðtÞ ) sum for a whole year-long hourly simulation e 8760-

time steps.

NPV¼min

 X8759
t¼0

EXPV
ðtÞ þEXWT

ðtÞ þEXWE
ðtÞ þEXFC

ðtÞ þEXBB
ðtÞ þEXDG

ðtÞ

!
(1)

Detailed calculation methodology of the NPV applied to a

multi-year financial model can be found in Equations (25e27).

As per the OPD optimisation problem, since Capital Expendi-

tures (CAPEX) and Operational Expenditures (OPEX) values are

constant yearly terms, they are neglected in the optimisation

problem. Therefore, the OPD optimised the NPV based on the

project hourly cash flows (CF(t)), which for a given PtP energy

system, means the minimisation of all variable costs affected

by the power dispatch.

Power balance

The power balance in Equation (3) addressed the balance of

power for every asset (PassetðtÞ ) in every time step for the given

LoadðtÞ. CurtðtÞ denoted the excess of RE power that could not

be stored. Then, as per the units, the model was written in

kilowatts (kW),. Furthermore, the time step selected for the

model was hourly; hence results were directly expressed in

kilowatts per hour (kWh).

LoadðtÞ þPPV
ðtÞ þ PWT

ðtÞ þ PDG
ðtÞ þPBB

ðtÞþPWE
ðtÞ þPFC

ðtÞþCurtðtÞ ¼ 0 (2)

Data input e load, PV and WT

The load profile of the target energy system, Load(t), as well as

the power output of the RE sources PV and WT: P(t)
PV and P(t)

WT,

are known inputs based on historical data, thus known in

advance to set the OPD. Wind Speed (WS(t)) and Solar Irradi-

ation (SI(t)) were used for the calculation of the PPVðtÞ and PWT
ðtÞ

curves, as indicated in Equations (3) and (4). Different pa-

rameters applied in the calculation, namely, efficiency (h),

area per unit (A) and the number of solar panels (u) for the PV,

and the minimum (vc�in), maximum (vc�out) and rated (vrated)

wind speeds, and the rated power (Prated) for the WT.

PPV
ðtÞ ¼

SIðtÞ : h : A : u

1000
(3)

PWT
ðtÞ ¼Prated : ðWSðtÞ � vc�in

�
ðvrated � vc�inÞ (4)

Battery bank

The power output of the battery was modelled in Equations

(5)e(7) based on its two possible operational statese aBBðtÞ ¼ 1 for

charging, aBBðtÞ ¼ 0 for discharging, and its physical limits of the
Please cite this article as: Martinez Alonso A et al., Multi-state optim
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maximum power charge and discharge, given as a function of

the battery energy storage capacity (SBBmax), and its C-rate: CBB
charge

and CBB
discharge. Then, Equations (8) and (9) determined the evo-

lution of the State of Charge over time (SOCBB
ðtÞ ), the storage

capacity as well as its boundaries (SOCBB
min=max). For its calcula-

tion, charge anddischarge efficiencies (hBBcharge=discharge) applied to

the charge and discharge power outputs

PBBðtÞ;charge and PBBðtÞ;discharge, respectively.

PBB
ðtÞ ¼aBB

ðtÞ :P
BB

ðtÞ;charge þ ð1� aBB
ðtÞ
�
P
BB

ðtÞ;discharge
(5)

0�PBB
ðtÞ;charge � CBB

charge:S
BB
max (6)

0�PBB
ðtÞ;discharge � �CBB

discharge:S
BB
max (7)

SOCBB
ðtÞ ¼SOCBB

ðt�1Þ þ
aBB
ðtÞ :P

BB

ðtÞ;charge:h
BB
charge

SBB
max

þ
PBB
ðtÞ;discharge :

�
1� aBB

ðtÞ
�

hBB
discharge:S

BB
max

(8)

SOCBB
min � SOCBB

ðtÞ � SOCBB
max (9)
Electrolyser and fuel cell

Electrolyser and fuel cell power functions over time (PWE=FC
ðtÞ )

were modelled as in Equations (10e12) - based on their three

operational states: on (aWE=FC
ðtÞ ¼ 1), standby (bWE=FC

ðtÞ ¼ 1) and

idle (aWE=FC
ðtÞ þ b

WE=FC

ðtÞ ¼ 0Þ. The parameters referring to the

nominal power PWE=FC
Nominal, standby power consumption PWE=FC

Standby

and idle power consumption PWE=FC
Idle applied: The characteri-

sation of these states is further explained and addressed in

Fig. 2, below in this section. Additionally, their load factor:

rWE=FC
ðtÞ , and the fraction of a time step spent to transition be-

tween idle and on states (TUPFC) was included for the fuel cell
al power dispatch model for power-to-power systems in off-grid
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function, which experiences a transitory lower power output

during the cold start.

PWE
ðtÞ ¼ PWE

Nominal:r
WE
ðtÞ :a

WE
ðtÞ þ PWE

Standby:b
WE
ðtÞ þ PWE

Idle:
�
1�aWE

ðtÞ �bWE
ðtÞ
�

(10)

PFC
ðtÞ ¼�PFC

Nominal:r
FC
ðtÞ :a

FC
ðtÞ :
�
1�TUPFC:cFCðt�1Þ

�
þ PFC

Standby:b
FC
ðtÞ

þ PFC
Idle:
�
1�aFC

ðtÞ �bFC
ðtÞ
�

(11)

aWE=FC
ðtÞ þbWE=FC

ðtÞ � 1 (12)

Then, in equations (13e17), constraints to prevent both

simultaneous operation and the transition between idle and

standby states, aswell as regulating theMinimumPartial Load

(MPLWE=FC) for the load factor were implemented for both

electrolyser and fuel cell:

aFC
ðtÞ þ aWE

ðtÞ � 1 (13)

bWE=FC
ðtÞ þ

�
1�aWE=FC

ðt�1Þ �bWE=FC
ðt�1Þ

�
� 1 (14)

�
1�aWE=FC

ðtÞ �bWE=FC
ðtÞ

�
þbWE=FC

ðt�1Þ � 1 (15)

rWE=FC
ðtÞ � aWE=FC

ðtÞ � 0 (16)

�rWE=FC
ðtÞ þMPLWE=FC:a

WE=FC

ðtÞ � 0 (17)

The definition of the three operational states In Fig. 2 is not

arbitrary and follows the described literature in the Intro-

duction.: (i) On: is the state of operation defined by the load

factor, minimum partial load and nominal power of the asset.

(ii) Standby: In this state, the asset is not operational, although

its service conditions are maintained: temperature and pres-

sure. The added value of this state is the possibility of a quick

restart of the operation e war start-up. (iii) Idle: in this state,

the assets are de-energized, depressurised and at ambient

temperature. A residual consumption from the auxiliary sys-

tems is considered. In order to switch back to operation, a cold

start-up is required.

Additionally, following the declaration of the three opera-

tional states, a counter of cold start-ups per optimisation

period was included in Equation (18), SU countWE=FC
ðtÞ . The pos-

sibility of limiting and/or controlling the number of start-ups

was addressed in Equation (19), SUWE=FC
max .

SU countWE=FC
ðtÞ � aWE=FC

ðtÞ :
�
1�aWE=FC

ðt�1Þ �bWE=FC
ðt�1Þ

�
(18)

SUWE=FC
max �

X8759
t¼0

SU countWE=FC
ðtÞ (19)

Hydrogen tank

The SOC of the hydrogen tank SOCHT
ðtÞ was modelled as per

Equations (20) and (21). SOC's evolution over time depended

on the “On” states of both WE and FC, whose activation filled

and depleted the tank. The reduced hydrogen production

when transitioning from a cold start-up was also considered
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TUPWE. Conversion efficiencies - gWE and gFC e expressing the

ratio of power per kg of hydrogen, and vice versa, for both WE

and FC also applied. The storage capacity (SHTmaxÞ and its

boundaries were also considered (SOCHT
min=max).

SOCHT
ðtÞ ¼SOCHT

ðt�1Þ þ
PWE
Nominal:r

WE
ðtÞ :a

WE
ðtÞ

gWE:SHT
max

:
�
1�TUPWE:

�
1�aWE

ðt�1Þ �bWE
ðt�1Þ

��

�PFC
Nominal:r

FC
ðtÞ :a

FC
ðtÞ

gFC:SHT
max

(20)

SOCHT
min �SOCHT

ðtÞ � SOCHT
max (21)

Diesel generator

The diesel genset was modelled in Equation (22) as the power

output over time (PDGðtÞ ) of a standard generator regulated under

a load factor rDG
ðtÞ with a nominal power PDGNominal, only limited by

a minimum partial load MPLDG. A boolean was used to repre-

sent its two possible operational states e aDGðtÞ ¼ 1 for on, and

aDGðtÞ ¼ 0 for off. value of the boolean was used to determine the

PDG
ðtÞ ¼ PDG

Nominal:r
DG
ðtÞ :a

DG
ðtÞ (22)

rDG
ðtÞ � aDG

ðtÞ � 0 (23)

�rDG
ðtÞ þMPLDG:a

DG

ðtÞ � 0 (24)

Techno-economic assessment: financial indicators

In view of using the OPD model for multi-year TEA purposes,

the study of financial indicators was addressed as an addi-

tional application of the OPD results. These indicators are the

Internal Rate of Return (IRR) and the Levelized Cost Of Energy

(LCOE).

The IRR expresses the profitability of the project. It is the

value of the discount rate (d) for which the NPV of the

project Cash Flows (CF) becomes zero. If it is higher than the

desired d value, the project is profitable, and NPV will be

higher than zero. Equation (25) presents the calculation of

the NPV, considering the lifetime of the facility/project (L),

and based on the project's yearly cash flows (CFy) as per

Equation (26). In this equation, R represents the revenues for

the electricity produced, and taxes (TX) represent the pay-

ment of taxes generated by the operations and investment.

Finally, the yearly taxes payments (TXy) were calculated in

Equation (27) as revenues (Ry) minus OPEXy and minus

depreciation and amortization (DAy), all multiplying the

applicable tax rate TR, which is dependent on local

conditions.

NPV¼ �CAPEX0 þ
XL
y¼0

CFy

ð1þ dÞy (25)

CFy ¼Ry � OPEXy � CAPEXy � TXy (26)

TXy ¼TR · ðRy �OPEXy �DAy

�
(27)
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The LCOE expresses the cost of energy in Equation (28),

which was calculated as the total NPV of the project (Equation

(25)) divided by the NPV of the energy delivered to Load (E).

LCOE¼
�CAPEX0 þ

PL
y¼0

OPEXyþTXy

ð1þdÞy

PL
y¼0

ðEÞy
.
ð1þ dÞy

(28)

Case study: The Remote project

The Remote Project is an initiative funded by the European

Commission through the Fuel Cells and Hydrogen Joint Un-

dertaking (FCH JU) to demonstrate hydrogen energy storage

systems in three remote locations in Spain, Greece and Nor-

way without access to the main electric grid [10]. The Spanish

pilot, located on the Canary Island of Gran Canaria, has been

selected as a case study for the present paper (see Fig. 3). It

comprehends an industrial farm with milking and cooling

facilities. The objective of the project is to replace the non-

renewable power generation systems, which accounted ac-

counts for 84% of the power generation in the Canary Islands

in 2019 [58] - compared to 54% of non-renewable generation

for mainland Spain in 2020 [59] e with a decarbonised and

sustainable option.

Data input e load, solar irradiation and wind speed profiles

Load(t), P(t)
PV and P(t)

WT are known inputs for all time periods,

shown in Fig. 4. The original daily load profile followed a daily

pattern, corresponding to three shifts every 8 h. Therefore it

has been extrapolated to a year-long profile with 5% day-to-
Fig. 3 e Remote's layout e Rene
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day and 5% time-step random variability to account for un-

expected variations. The meteorological data of 2020 was

selected for analysis. The European Union's Earth Observation

Programme e Copernicus, which provides high-resolution

datasets based on available data from 7 Sentinel satellites

and different measurement instruments, was used to extract

the data [60].

Objective function and considerations on variable expenses

In the particular case of the REMOTe Project, assumptions

were applied to consider the expenditures. Power generation

from PV and WT was assumed as free-of-charge, and their

fixed CAPEX and OPEX terms were considered the only ex-

penses since the ownership of the assets remained with the

kettle farm owner. Furthermore, applying to all assets, CAPEX

and OPEX values were neglected from the objective function

because those are constant terms; thus, they have no impact

on the minimisation of the objective function and the OPD.

The cost of maintaining the equipment was assumed to be

covered as a yearly cost, represented as a part of the OPEX,

compromising preventive and corrective maintenance tasks.

Therefore, the replacement cost of the equipment, such as the

electrolyser and fuel cell stacks, was assumed independent of

its operation. Concluding that the project hourly cash flows

were only dependent on the diesel consumed in the genset, as

represented by Equation (29). The water cost related to the

electrolyser's consumption was neglected in the optimisation

due to the relatively smaller cost in comparison to diesel.

EXDG
ðtÞ ¼

PDG
ðtÞ

hDG
:hFuel:DCFuel (29)
wable-powered cattle farm.
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Fig. 4 e Remote's renewable energy generation and load profiles.
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Finally, in Equation (30), constant terms were neglected

from the function., leaving the expression of the NPV of the

project as a function of the power output of the diesel genset,

which was to be minimised for the whole year.

NPV¼min

 X8759
t¼0

PDG
ðtÞ

!
(30)

Technical and economic data

The techno-economic definition of the assets is part of the

model's parameters. For the given case study, the values

employed to reproduce the technical and financial results are

displayed in Table 1. These values are based on market prices

and existing scientific literature. The specifics of the REMOTe

project financial information remained confidential.
Table 1 eAssets technical data overview. Legend: Photovoltaic
Electrolyser (WE), Hydrogen Tanks (HT), and Fuel Cells (FC).

Asset [Ref.] Size Technical Characte

PV 100 kW Passivated Emitter and Rear Cell (PERC) mon

panels measuring 0.082 m2. 0.480 kW power

Lifetime 25 years.

WT 20 kW Tri-blade, direct drive, synchronous generato

rated wind speed: 7.5 m/s, cut-out wind spee

BB [61,62] 200 kWh Li-ion battery. C-rate 0.3. Depth Of Discharge (

0.92, discharge efficiency 0.95. Lifetime 4000

WE [63,64] 80 kW Alkaline Electrolyser: 52 kWh/kg H2 efficiency

min cold start-up transition. Nominal power

1 kW, idle consumption 0.5 kW. Lifetime 60,0

HT 30 kg Type 4 compressed gas: 33,3 kWh per kg of H

FC [64,65] 100 kW Proton ExchangeMembrane (PEM) fuel cell: 20

load ratio. 15-minute cold start-up transition

standby consumption 1.5 kW, idle consumpt

DG [66] 130 kW ISO 8528 Part 1 Class G3 diesel emergency ge

load 15%. Lifetime: 30,000 h.
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Per manufacturer guidelines, full equipment replacement

costs were considered, being 100% of the initial CAPEX for

batteries and diesel genset. However, different assumptions

were applied for fuel cells and electrolysers. The replacement

cost of the stackswas calculated as a percentage of the original

CAPEX: 30%. Then, the rest of the variable costs were annual-

isedaspart of theOPEX.Thishad implicationson theoperation

boundaries of the assets,meaning that amaximumnumber of

cold start-ups per yearwas enforced. This assumption is based

on manufacturer guidelines about the effect of cold start-ups

on the equipment's degradation and durability.

Finally, applying to the project, a 20-year lifetime was

considered for the calculations, with a 21% tax rate and a 5%

inflation rate applicable to all costs. Then, additional costs for

engineering and construction work, control station, in-

terconnections and commissioning were given a CAPEX of
Panels (PV), Wind Turbines (WT), Battery Banks (BB), Water

ristics CAPEX (EUR) OPEX
(as % of CAPEX)

ocrystaline flat plate. 72-cell

output. 20.5% efficiency.

1000 EUR/kWp 1,5%

r. Cut-in wind speed: 2.8 m/s,

d 20 m/s. Lifetime 25 years.

6000 EUR/kW 5%

DOD) 80%. Charging efficiency

cycles

800 EUR/kWh 5%

, 10% minimum load ratio. 30

80 kW, standby consumption

00 h.

1400 EUR/kW 3%

2. DOD 80%. Lifetime 25 years. 500EUR/kg 1%

.94 kWh/kg H2, 10%minimum

. Nominal power 120 kW,

ion 0.5 kW. Lifetime: 40,000 h.

1600 EUR/kW 4%

nset. 60 Hz. Minimum partial 300 EUR/kW 4%
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Fig. 5 e Remote's Yearly Energy Dispatch: overview per asset (kWh/y).

Table 2 e Sensitivity analysis: Overview of the different design options. Legend: Battery Banks (BB), Electrolyser (EZ),
Hydrogen Tanks (HT), and Fuel Cells (FC).

BB Capacity (kWh) HT Capacity (kg) BB C Rate WE Power (kW) FC Power (kW)

Base 200 30 0.3 80 100

Case 1 300 30 0.2 80 100

Case 2 300 30 0.3 80 100

Case 3 200 30 0.5 80 100

Case 4 200 50 0.3 80 100

Case 5 200 50 0.3 120 100

Case 6 200 50 0.3 120 60

Case 7 300 50 0.3 120 60

Case 8 300 50 0.2 80 100

Fig. 6 e Daily variation over a year of the Battery Bank's (BB)

load factor (r) while charging.

Fig. 7 e Daily variation over a year of the Water

Electrolyser's (WE) load factor (r).
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150 k EUR. The cost of water - as the fuel for electrolysis ewas

considered at 3.8 EUR/m3, and the cost of diesel e as the fuel

for the DG e was 0.39 EUR/kWh.

Sensitivity analysis on multiple HESS designs

Further elaborating on the impact of different design options

of the REMOTe project, up to 8 additional cases were devel-

oped. These cases comprised various capacities and nominal

power values for the assets involved in the HESS (see Table 2).

The objective of the selected sensitivity cases is to, without

modifying the layout of the case study, analyse how the

optimal dispatch and results vary according to different assets

parametrisation involved in theHESS: (1) IncreasedBBcapacity

but lower C-rate, (2) Increased BB capacity, (3) Increased BB C-

rate, (4) higher HT capacity, (5) Higher HT capacity with bigger

WE, (6) Higher HT capacity, bigger ELY and smaller FC, (7)

Combination of cases 6 and 2, (8) Combination of cases 1 and 4.

Conversely, the objective of the OPD is to reduce the cost.

For the given case study, a stand-alone diesel case was

selected as the reference case for all financial indicators and

economic calculations. Therefore, the discount rate d for all

the scenarios has been set as equal to the IRR value of the

diesel stand-alone case. This is, for all scenarios, IRR should be

higher than a discount rate equal to the IRR value of the diesel

stand-alone case as a minimum to invest in a low emissions

alternative. Thus, the discount rate was set at 8%, equal to the

IRR of the diesel stand-alone alternative.
Results and discussion

This section first presents the results and analysis of the OPD

application to the case study. It follows a discussion of critical

aspects of the characterisation, operation and impact of

power-to-power hydrogen systems.

Then, in the second step, the financial indicators for the

different cases were exhibited and analysed to assess the

potential of hydrogen to replace diesel gensets in off-grid

energy systems; a hypothetical scenario is also discussed.
Fig. 8 e Daily variation over a year of the Battery Bank's (BB)

State of Charge (SOC).
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Optimal power dispatch strategy

The yearly energy throughputs per asset project are compared

in Fig. 5. The load represented a total consumption of

215,769 kWh/y. RE productionwas calculated at 289,902 kWh/

y; therefore, storage systemswere vital to enable the flexibility

required to supply the load at all times. The battery delivered

59,345 kW h/y of the total load e 27.5% prioritised over the

HESS due to an overall roundtrip efficiency of 87.5%. Then, as

per the hydrogen, the MILP model showed a 36.6% roundtrip

efficiency for the HESS, achieving a yearly output in the FC of

19,629 kW h/y, with a WE energy input of 53,897 kW h/y, of

which 4790 kW h/y corresponded to the cost of operation at

standby and idle states. In the case of the FC, this consump-

tion accounted for an additional 11,876 kWh/y, which, if taken

into account, reduces the total roundtrip efficiency down to

31.4%.

Therefore, we confirm that the detailed operational

modelling led to a 5.2% efficiency reduction for the WE-HT-FC

pathway in comparison to a simplified model. Regarding the

PtG part, the electrolyser additional consumption observed in

operation accounted for 4790 kW h/y, which means roughly

9.7% lower hydrogen production than in a simplified model

with no operational constraints.

The DG yearly output decreased to 2542 kWh/y, repre-

senting only 1.2% of the total load consumption. On the other

hand, energy losses represented 25,71% of the entire load e

54,738 kW h/y, and the energy curtailment represented 7.29%

of the total RE production - 21,126 kWh/y.

Then, the operation of the different assets was also

analysed through their load factor. Figs. 6 and 7 compare

the load factor of the WE and BB inputs. Following the

higher RE production during the central hours of the day,

it is possible to observe how the higher load factors for

both assets were allocated at this time range. However,

due to the lower roundtrip efficiency of the H2 storage

system and the MPL load of the WE, the battery always

starts charging first. This effect was highlighted for those

time steps when the load was reduced - between 6 and 8

PM and 2e3 AM.
Fig. 9 e Daily variation over a year of the Hydrogen Tank's
(HT) State of Charge (SOC).
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Similarly, both BB and HT analysed the State Of Charge

(SOC) in Figs. 8 and 9. Results showed the difference in the

time range of both storage options. In the case of the BB, the

variation of the SOC occurred in the hourly range - vertical

axis. Meanwhile, the HT showed a different SOC variation

over the year, with unperceivable variations in the hourly

range but well-defined transitions on the daily range e hori-

zontal axis.

Furthermore, regarding the FC and BB output when dis-

charging in Figs. 10 and 11, we observe the FC taking an

auxiliary role, supplying power mostly at its lower power

range: 10e50% when the BB could not cope with the energy

demand. This effect was again due to the lower efficiency and

limitations regarding the MPL.

Regarding the multi-state operation of WE and FC, the

constraint on the maximum number of cold start-ups was

respected e 400 a year. Additionally, as shown in Fig. 12, the

introduction of the intermediate states proved relevant in the

assets' operation. In Fig. 12, the 16th and March 17, 2021 were

selected to showcase the performance of these states. The

system successfully used the SB state to prioritise the readi-

ness of the asset for a warm start-up over the reduction of its

power consumption. In the case of the FC, the SB state was

also employed to reduce the number of cold start-ups - hours 8

to 17, or simply following the load overnight, as in hours 17 to

32. Then, regarding the WE, the SB state became relevant

when the BB needed to be prioritised for charging, and a cold

start wanted to be avoided during peak RE production houre f.

e. hour 12.

Finally, as per the DG in Fig. 13, its role was relegated to

peak load procurement when the combination of energy

storage and RE production could not follow the load. In this

case, given the higher nominal power output of the DG e

130 kW, the effect of theMPLwas evenmore pronounced than

in the cases of WE and FC, restricting its operation to only

above 19.5 kW. In addition, results showed that the power

output of the DG never exceeded 32.5 kW e load factor of 25%,

confirming the oversizing of the asset.

Finally, the sensitivity analysis results comprising different

design options for the assets involved in the HESS are dis-

played in Fig. 14.
Fig. 10 e Daily variation over a year of the Battery Bank's
(BB) load factor (r) while discharging.
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All the caseswhere either the C-rate or the battery capacity

were increased (1, 2, 7 and 8) experienced a higher reduction of

the use of the DGe down to 1110 kWh/y on average, 56.3% less

than the base case and only 0.5% of the total yearly load.

Battery-dominated HESS proved to achieve better results in

terms of dispatch due to the reduced seasonality of renewable

resources and daily variability of the load. Additionally, the

impact of having higher combined efficiency in the HESS was

translated into reduced dependency on larger-scale long-term

energy storage. Hence the total share of energy stored was

reduced, increasing the percentage of energy curtailed and

cutting the FC to half its initial value.

On the other hand, cases where only the design of the

hydrogen assets was modified (3, 4, 5 and 6), showed mixed

results. However, increasing the hydrogen storage capacity

proved an improvement regarding the dispatch of DG,

achieving a reduction of 27%. Furthermore, modifications in

the FC and WE power capacity did not produce an increased

share of H2 in the system's flexibility. The size of the storage

and the MPL of the equipment constrained the dispatch of

more hydrogen. This last element could be observed through

case 6 when a reduction of 40% capacity in the FC produced a

6.5% increase in the FC yearly output.

Financial indicators

The results of IRR and LCOE per scenario are shown in Table 3.

Regardless of the HESS design, all the cases proved a more

profitable option than investing in a stand-alone diesel facil-

ity, given the lower IRR value and higher LCOE obtained.

However, further analysis of the different kinds of costs

that participated in the LCOE was performed. As a result, in

Fig. 15, the LCOE of each case/scenario was disaggregated into

the contributions from CAPEX, OPEX and Taxes (TX). In addi-

tion, for a better assessment of the CAPEX, it was further

broken down into investments relative to the purchase of the

assets, ‘Equipment CAPEX’, and those associated with other

expenses comprising the engineering, procurement and con-

struction of the plant, ‘Other EPC expenses’.

All the HESS scenarios proved to be CAPEX-intensive,

requiring an initial investment four times higher than the
Fig. 11 e Daily variation over a year of the Fuel Cell's (FC)

load factor (r).
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Fig. 12 e 48-h-long window showcasing the multi-state operation of Fuel Cell (FC) and Electrolyser (WE), compared to the

Load and the Renewable Energy (RE) power input.

Fig. 13 e Load factor (r) daily variation over a year of the Diesel Genset (DG).
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stand-alone diesel designe 0.089 EUR/MWh. In addition to the

higher CAPEX-related costs of the low-carbon scenarios, other

EPC expenses comprising deployment of engineering, control,

integration and commissioning activities, which were not

present in the diesel-only scenario, added up on the LCOE

value. However, when comparing the weight of the OPEXwith

the total value of the LCOE, the reliance on an external fuel

import proved to be the most critical factor. The stand-alone

diesel case, highly affected by the cost of the fuel supply,

became the worst case overall e 0.586 EUR/MWh versus 0.150

EUR/MWh on average. Then, as per the impact of taxes, the

OPEX-intensive diesel-only case benefitted from the current

taxes e 0.012 EUR/MWh compared to 0.068 EUR/MWh on
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average, partially due to the lack of consideration of carbon

taxes.

In Fig. 16, the different low-carbon scenarios were more

thoroughly analysed. The LCOE values were analysed and

compared to the HESS sizing for every sensitivity case.

The analysis of the different cases showed a variety of re-

sults.Ononeside, cases1 and2didnot showany improvement

in comparison to the base case. Upscaling the BESS storage

capacity allowed for increasing the integration of RE and

reducing the dependence on diesel. Still, it also implied higher

CAPEX and OPEX values that negatively affected the profit-

ability of the project. In case 3, the C-rate of the battery was

increased from 0.3 to 0.5, but the size of the battery remained
al power dispatch model for power-to-power systems in off-grid
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Fig. 14 e Energy flows comparatively per case: Curtailment, Battery Bank (BB), Fuel Cell (FC), and Diesel Genset (DG).

Table 3 e IRR and LCOE values obtained for the scenarios and diesel stand-alone case.

Scenario Base 1 2 3 4 5 6 7 8 Stand-alone diesel

IRR (%) 9.7 8.5 8.5 9.9 9.8 8.9 9.9 8.5 8.4 8.0

LCOE (EUR/MWh) 0.629 0.669 0.669 0.624 0.628 0.656 0.623 0.669 0.674 0.688

Fig. 15 e Levelized Cost of Energy (LCOE) breakdown into CAPEX (Capital Expenditure) categories, OPEX (Operational

Expenditure) and taxes.
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equal to the base case. The results showeda small effect on the

LCOE value e from 0.629 down to 0.624 EUR/MWh. No effect

was perceived in case 1, where the C-rate was reduced to 0.2.

Therefore, an increased C-rate proved to be beneficial for the

design of the BESS and, thus, the profitability of the project.

On the other side, cases 4, 5 and 6 focused on different sizes

of hydrogen assets. Increasing hydrogen storage capacity in all

of these, for the same given electrolysis and fuel cell power

capacity, was not as cost-intensive in CAPEX as expanding a

BESS (scenarios 1 and 2 remained less attractive than the base

case). Even though scenario 3 was still a preferable option,

increasing thecapacityof theHT,as inscenario4, proved tobea

highly profitable and easily achievable solution. Then, scenario
Please cite this article as: Martinez Alonso A et al., Multi-state optim
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5 varied the size of the electrolyser while keeping the same el-

ements in the rest of the plant. A larger electrolyser increased

the integration of RE to cope with seasonality. However, the

elevated CAPEX of electrolysis impacted negatively on the total

LCOE. A contrary effect was achieved bymeans of reducing the

FC sizing. Scenario 6 led to the best LCOE value thanks to a

better design fitting by integrating a smaller FC.

Finally, scenarios 7 and 8 combined previous designs,

showingnobenefiton theLCOEor IRR. Scenario 6 remained the

most cost-competitive - IRR of 9.9%. As it can be observed, the

increase of the BESS is not beneficial for the facility above a

certain threshold; the same happened with increasing the ca-

pacity of the electrolyser. In line with this, scenario 8 was the
al power dispatch model for power-to-power systems in off-grid
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Fig. 16 e Levelized Cost of Energy (LCOE) values about the sizing of the assets: Fuel Cell (FC, kW), Hydrogen Tank (HT, kg),

Water Electrolyser (WE, kW) and Battery Energy Storage System (BESS, kWh) for each scenario.
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least profitable due to the combined higher CAPEX of the bat-

tery andelectrolyser,without a real positive impact on theOPD

strategy.
Conclusions

The present paper argued the potential of a novel model for

OPD of hybrid power-to-power energy systems, including

hydrogen, for off-grid conditions. The model combined multi-

ple states of operation for different assets: on, standby and idle

for both electrolyser and fuel cell, enabling a higher degree of

characterisation of the assets while keeping a more accurate

and realistic optimisation of the power dispatch. The novelty

was found in the introduction of concepts of operation into

designandpowerdispatchstrategies formore realistic outputs.

These operational constraints showed a decrease in the PtP

round-trip efficiency of 5.4% and a reduction of the hydrogen

production of 9.7%. The Remote project case study served as an

example of the application of the presented methodology.

Based on the results achieved for the case study presented,

the combination of batteries and hydrogen proved to be a

viable alternative to fossil fuels in remote locations. Batteries

were suited to cover transients and daily storage needs, while

hydrogen was the most profitable alternative for long-term

and large-scale storage. As shown by the dispatch strategy,

the use of diesel in renewable-powered scenarios was rele-

gated to a secondary role for covering load peaks. This auxil-

iary role proved the cost-competitiveness of RE in

combination with HESS versus traditional diesel gensets

solely for all sensitivity cases analysed. The optimal scenario

showed a 7.7% LCOE reduction - 0.053 EUR/kWh - versus the

DG-only reference, with only a 1.5 years increase of the ROI.

Also, a low-hanging fruit was identified for the particular case

of the Remote project, its performance could be enhanced at a

relatively low cost by increasing the size of the HT up to 50 kg.

Furthermore, the sensitivity analysis results proved that

both DG and FC assets were oversized and unsuitable for their

function in the power dispatch strategy, leading to higher

LCOE values. However, the equipment selection is usually
Please cite this article as: Martinez Alonso A et al., Multi-state optim
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subjected to certain particularities and/or by the existence

and availability of on-the-shelf equipment suiting the desired

power. This was the case with the REMOTte project; however,

this issue is expected to remain a singular case as the market

segmentation for hydrogen technology grows.

Finally, the role of hydrogen in long-term and large-scale

storage was studied. Despite showing better financial in-

dicators than the diesel-based solution cutting down the OPEX

down to 25%, the up to 4 times higher CAPEX values were

potential entry barriers to deploying the technology. This is

because low-carbon plants are typically more complex to

execute as they need to integrate different generation and

storage assets. This means more expenses on top of the

already higher CAPEX of assets. Thus, even with more profit-

able cases, the CAPEX investments required in these projects

are a barrier because those are too high for the limited gain in

internal return rate and reduction in LCOE achieved. This is

why support for these projects in the form of grants and/or

low-interest loans in public funding programmes is important

to save the high CAPEX barrier, enabling projects to prove

their profitability during their operational phases. Again, this

was the case for the REMOTe project.
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