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ARTICLE INFO ABSTRACT

The current evolution of technical and environmental regulations and the recent development of hydrogen
mobility require technological breakthroughs in the industrial areas, such as in harbours. Thus, multi-energy
microgrids integrating low-carbon energy sources, electrical and hydrogen loads and storage solutions have to

Keywords:
Sizing optimization
Energy management optimization

I;;C;Og:d be designed. To improve their economic viability, the microgrid components must be carefully sized and the
Hydrggen energy must be distributed in the most cost-effective way at any time. So as to foster the expansion of multi-

energy microgrids in industrial areas, we propose in this paper a two-level optimization for the energy man-
agement and the sizing, applied to an original multi-energy scenario considering electricity and hydrogen as
energy vectors. The designed energy management optimization takes into account an objective of economic
profitability and constraints related to the availability of the sources and storage solutions, their reliability and
the costs. The sizing optimization aims to propose different solutions allowing the benefits to be maximized and
the expenses to be minimized. One of the main contributions of the paper is to compare the possible ways of
valorisation of the energy available in an industrial microgrid. The results show that the sale of hydrogen allows
income to be increased, in addition to self-consumption and sale to the electrical grid, but the electrolyzer in-
volves high investments costs. Finally, a sensitivity analysis is presented and shows that the investment costs of
electrolyzer and battery and the hydrogen selling price are key points in the optimal design.

1. Introduction

The recent environmental and technical regulations involve some
changes in the design and management of electrical power grids in the
harbour areas [1]. For example, the electrical power supply of berthed
vessels by the onshore grid is more and more considered to limit the
pollutants emitted by the vessel’s engines [2]. Moreover, the seaports
must adapt their electrical power system to the technological changes in
the boats, as hybrid or fully-electric boats have been developed over the
last years [3], mainly using energy storage solutions [4]. Furthermore,
so as to limit the pollutants emission and the use of fossil fuels, the
electrical power supply of the harbour’s loads can be ensured by low-
carbon energy sources, such as solar energy or wind energy [1]. Some

* Corresponding author.

energy can also be harnessed from different industrial processes [5],
such as the seaport cranes [6] or the machine testing. On the other hand,
the hydrogen is more and more considered in industrial and harbour
areas, as the industrial processes requiring hydrogen are numerous and
the integration of hydrogen in transport systems is under development,
as for example in boats [7], hybrid vehicles and fuel cell electric vehicles
[8]. In more and more cases, the hydrogen is generated thanks to
renewable energy sources so as to decarbonize the hydrogen production
[9]. The development of hydrogen fueling stations is also more and more
discussed in the literature, investigating both design and sizing issues
[10] but also management aspects [11]. The design of energy hubs in
industrial and harbour areas is now a field of interest studied for
example in [12], where the management of electrical, gas, heating and
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cooling networks is investigated.

Thus, different energy sources and energy uses can be considered in a
seaport area, which fosters the achievement of microgrids in seaports
[5]. However, the renewable energy sources are non-dispatchable and
the flexibility of harbour load demand is low as most of the loads are
non-shiftable. Thus, storage solutions associated to an adapted energy
management system are required to ensure that the load demand can be
fully met. In addition to the operating aspects, the storage solutions must
be carefully sized to cover the energy needs. The sizing must take into
account the high investment costs, which is often a barrier for the
integration of storage solutions in microgrids. Moreover, the sizing of a
microgrid must consider the energy management strategy, which has a
strong impact on the economical, the environmental and the reliability
performances. This energy management can be designed thanks to
different approaches as reviewed in [13]: rule-based algorithms, linear
and non-linear programming, metaheuristics algorithms, etc. However,
when a sizing optimization is computed, most of the papers consider a
rule-based energy management algorithm due to computational time
issues. The articles dealing with a combined optimization of sizing and
energy management are less numerous. The relation between the sizing
and operation optimizations for microgrids, and the possible optimiza-
tion frameworks have been investigated in [14]. The energy manage-
ment optimization is generally solved in an inner loop, considering
operation costs and reliability aspects. The sizing optimization is solved
in an upper level, taking into account the life cycle cost. Thus, the
operation optimization is computed for each microgrid sizing proposed
by the upper optimization level, which lengthens the computation time.
A two-level optimization framework is proposed in [15,16] for a solar-
hydrogen-battery stand-alone microgrid, considering a building load
profile. The energy management problem is formulated as a linear
problem, with a minimization of the operational costs, while the sizing
optimization problem is solved thanks to a metaheuristic approach
(genetic algorithm) to minimize life cycle cost. It can be noted that in
these works, the load shedding is allowed but a penalty factor is
considered. A similar combined optimization is proposed in [17], with a
rolling horizon simulation and model predictive control approach for
the energy management optimization. A two-level optimization is also
proposed in [18], with a minimization of the annual cost in the outer
loop (including investments) while the lower-level aims to minimize the
levelized cost of hydrogen so as to promote hydrogen production. A two-
stage optimization for a harbour microgrid has been proposed in [19],
considering investments and planning optimization problems. The
sizing optimization of all of these articles involves only one objective
function. Nevertheless, the sizing optimization can also be formulated as
a multi-objective optimization problem. In [20], a multi-objective sizing
optimization is investigated, considering investments costs, levelized
cost of energy and Diesel generator pollutant emission, while the oper-
ation optimization aims to determine the power dispatching allowing
the operational cost to be minimized. The sizing optimization can be also
formulated as a bi-objective problem, as for example in [21] where the
net present cost and the carbon dioxide emission are minimized. How-
ever, such combined optimization problems lead to long computation
time due to the simulation over a large data period and the complexity of
solving linear programming problems. So as to reduce the computation
time of the energy management optimization, a separation of the yearly
profile into daily profiles has been proposed in [22]. It can be high-
lighted that both sizing and energy management optimization problems
can also be integrated in a single optimization problem, as investigated
in [23] for the design and the control of a hybrid vehicle. The control can
involve a model predictive approach [24] and fuzzy logic rules [25].

From this review, it appears that the combined optimization of the
sizing and the operation for industrial multi-energy microgrids is scarce
in the literature. The existing papers have considered electrical power
generation from renewable energy sources, but the existing industrial
processes in industrial areas was not investigated. Moreover, the un-
certainty about the hydrogen selling price appears to be a barrier and the
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design of economic regulation is still under study [26]. So as to foster the
development of microgrids in industrial areas, it is necessary to compare
the possible means of valorisation and quantify their costs and their
benefits, which has not yet been deeply investigated in the literature.
Thus, this paper proposes a combined optimization of the sizing and of
the energy management applied to an industrial multi-energy microgrid.
The proposed study deals with the case study of a harbour area as the
possibilities of energy recovery are numerous, such as renewable energy
sources and industrial processes, with a high amount of energy and high
power level. Moreover, the hydrogen needs are growing as the maritime
and terrestrial mobility considers more and more the hydrogen energy
vector, so a low-cost hydrogen production from low-carbon energy is
often expected by the seaports. In this article, several ways of energy
valorisation are considered and compared, in order to optimize the use
of the energy available in the seaport. The generated electrical energy
can be valued either by self-consumption or by feeding into the main
electrical network. It can also be converted into hydrogen, used for
harbour loads (mobility and industrial processes) or fed into an external
gas network. To allow the generated energy to be used later, batteries
and hydrogen tank storage solutions are considered. The investigated
case study is based on an actual scenario, developed in the context of a
national French project, ESTUAIRE [27], which deals with the economic
potential of a Smart Grid approach in industrial and seaport areas. This
project mainly involves harbour industrials, such as ship and high power
engine builders. Thus, the modeling and optimization methodology
proposed in this paper is applied to a harbour application case, but it
could be also applied to any industrial area where a multi-energy
microgrid is considered. It can be highlighted that the approaches and
solving tools we have used for the optimization of both energy man-
agement and sizing have already been used in the literature for other
kinds of problems, showing then their effectiveness. The novelty of the
study presented in this article concerns the industrial application
framework and the related optimization problem formalization. In
summary, the main contributions of this paper are:

e A two-level sizing and energy management optimization of a multi-

energy industrial microgrid, including the comparison of different

ways of valorisation (self-consumption, electricity and hydrogen

sales), in order to determine how the available energy has to be

shared;

A multi-use of hydrogen, namely gas network injection and local use

for mobility and industrial processes, according to different selling

prices assumptions;

The self-discharge of the storage devices and the operational costs

are taken into account in the energy management problem;

e A study of the consequences of the uncertainties of the hydrogen
selling price and investment costs on the results.

The paper is organized as follows. Section 2 presents the system
modeling. The two-level optimization is described in the Section 3. In
the Section 4, energy management and sizing results are presented, in
addition to a sensitivity analysis about the economic parameters. Section
5 concludes the paper.

2. Harbour microgrid modeling

The harbour microgrid studied in this paper is made of different el-
ements related to power generation, energy storage, loads and connec-
tions to the electrical grid and to a gas network. An overview of this
microgrid is shown in Fig. 1, considering a power flow modeling.

The electrical energy can be generated in the harbour area thanks to
solar photovoltaic panels. Moreover, the testing of generators manu-
factured in the harbour is also considered as a power source. An elec-
trical power is generated by the engine during the validation tests and
fed into the grid. The total power generated from these two kinds of non-
dispatchable energy sources is denoted as Py, [W]. Several uses are
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Fig. 1. Overview of the considered industrial multi-energy microgrid.

considered: the generated power Py, can be fed into the electrical main
grid (Pg_s), or converted into hydrogen thanks to an electrolyzer (P),
or used for the supply of the electrical loads (Pg,). The harnessed energy
from these sources can also be stored into batteries or a hydrogen tank so
as to be used later. The produced hydrogen can be either fed into gas
network (Lyz—g) or used for the supply of the hydrogen load demand of
the harbour area (Lgz_gem)- The considered hydrogen loads are related to
the industrial needs (engines testing) and the mobility needs (fleet of
vehicles including cars, buses and boats). This hydrogen can also be used
to generate electrical power thanks to a fuel cell (Pg). Finally, the
hydrogen can be produced thanks to power drawn from the main grid, to
allow hydrogen demand to be met if the power generation from local
energy sources is low, or if hydrogen production is profitable according
to electricity purchase price. The total demanded electrical power of the
considered harbour microgrid is denoted as Pg,, [W]. This power in-
cludes the power consumption of industrial buildings in the harbour
area and also seaport basins pumps. It can be noted that no load shed-
ding is considered, thus the power Py, and the hydrogen load demand
Ly>_gem have to be met all the time, supplied by microgrid components
or by purchasing electricity from main grid (Pg_,). In case of power
congestion, i.e. when the generated power is larger than the demanded
power and the valorisation solutions are used at the maximum allowed
power, the surplus of generated power is dissipated into a dump load
(Pg). The models and the details related to the storage solutions are
given in the following sections.

Pre(te-1)
U

At
LoH () = amLoH(t;—1) +
Crinref

(ﬂezzpelz(fk—l) -

2.1. Battery model

The use of batteries is considered so as to supply the loads in case of
low generated power or to later feed energy into external networks, at a
time where the selling price is higher. The batteries model is based on
the calculation of the state of charge SoC at each time sample t, by

- (LH27g (e=1) + Lirz—gem (ti-1) )71-12 )

taking the efficiency in charge and discharge and the self-discharge of
the batteries into account [28-30]:

SOC(Ik) = (lba,SOC(lk,l) +

Pbutf(l(tkfl)) eh)

(”bm—cpbﬂlfc (tkfl) +
Mbar—d

batref

where Cpqrer is the nominal capacity of the batteries [Wh], Ppg_ the
operating power of the batteries in charge [W] considered as positive,
Pyq_q the operating power of the batteries in discharge [W] considered
as negative, Atthe time step [h], ap, the self-discharge coefficient,
Npar—c the batteries efficiency in charge and #,,,_, the batteries efficiency
in discharge. The self-discharge coefficient @, is calculated from the
daily self-discharge rate oy, [%/day] by:

(2

Ar
Apar = (1 - me)u
2.2. Hydrogen storage model

The energy generated by the sources in the harbour area can be
valued by producing hydrogen thanks to an electrolyzer. The hydrogen
can be fed into the gas network (Power-to-Gas valorisation), or used to
supply the hydrogen demand or used later to produce electrical energy
through a fuel cell (Gas-to-Power valorisation). Thus, a hydrogen tank is
considered in this study to meet the hydrogen storage needs. The
hydrogen storage model is based on the calculation of the level of
hydrogen LoH at each time sample & [30]:

3)

where Cppore is the capacity of the hydrogen tank [Wh], Ly gem the
hydrogen volume flow rate fed into the harbour hydrogen distribution
network [Nm3/h, normal cubic meter per hour] which corresponds to
the hydrogen mobility and industrial demand, Ly, the hydrogen vol-
ume flow rate fed into the external gas network [ng/h], P,, the
operating power of the electrolyzer [W], Py the operating power of the
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fuel cell [W], any the self-discharge coefficient, yy, the conversion factor
between hydrogen volume and hydrogen energy (74, = 3000 Wh/Nm?),
1, the electrolyzer efficiency and 7, the fuel cell efficiency. As for the
battery, the self-discharge coefficient agp (which corresponds to the
leakages in the hydrogen tank) is calculated from the daily self-
discharge rate oy, [%/day] by:

Ay = (1 - GHZ)% 4
3. Two-level optimization problem

First, a sizing optimization is necessary to determine the capacity of
both storage solutions and the nominal powers of the electrolyzer and of
the fuel cell, allowing the load demand to be met while minimizing their
costs. Moreover, an optimization of the energy management is required
as the considered microgrid studied in this paper is composed of two
storage solutions and of different ways of valorisation governed by
constant or variable prices. Thus, a combined optimization of the energy
management and the sizing for the considered application framework is
proposed, by using methods and tools which have been investigated in
several papers as discussed in the literature survey in Section I. An
overview of the considered two-level optimization is given in Fig. 2. The
outer loop of the optimization scheme is related to the sizing. It aims to
determine a panel of optimal solutions (located on a Pareto front)
allowing to get the maximum annual net income csinc/, for a minimum
life cycle cost ci¢cc. For each configuration generated in the sizing opti-
mization algorithm, a simulation of the operation profile is done,
considering an optimization of the energy management (inner loop).
The aim of this inner loop is to determine the operation profile of each
component allowing a sum of operating costs to be minimized,
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considering expenses and incomes. The input data of this combined
optimization are related to economic and technical parameters, in
addition to the load demand and the generated power profiles. Both
optimization problems are described in the following sections, accord-
ing to the objective function, the decision variables and the constraints.

3.1. Energy management optimization problem

The energy management problem is formulated as an optimization
problem so as to obtain the best power profile for each component over a
given period, according to a desired objective. The operation strategy for
each component over a given period can be determined from the current
state of the system and the power generation, load demand and selling
prices for the coming period. The optimization problem is written as a
Mixed Integer Linear Programming (MILP) problem. This method is
widely used in the literature for the optimization of energy management
[12,15,21]. In this paper, we show how to apply this approach to the
original framework of an industrial microgrid, considering multiple
energy vectors. The decision variables, the objective function and the
constraints of this unit commitment problem are described in the
following subsections.

3.1.1. Decision variables

For the inner loop, related to the energy management, the decision
variables considered for the optimization problem are related to the
operation of each microgrid element. Thus, a total of ten decision var-
iables are considered at each time sample t;, with X; and X the set of
decision variables for the time ; and for the whole period of K time
samples:

Economical data

’

i

. ! g
CAPEX: Cinv,patr Cinv,H2, Cinvelzr Cinv,fc

o AT ’ ’ ’
OPEX: cogm parr Coam,H2 CosM,elzr Co&M,fc
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Fig. 2. Framework of the two-level optimization, with energy management optimization and sizing optimization.
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X = {Pgr—.v(tk)yLHZ—g(tk)7Pbul—f(tk)7Pbuz—z{(tk)ybhu/—c(’k)yPelz(tk)7P[c(tk)>Pz[p(tk)ypgr—p/el(tk)yPgr—p/HZ(tk) } 5)
Poen(te) + Por—pjer(ti) + Por—pyma (te) + Pre(tc) — Prar—a(t)
X={X;, -, Xp, -, Xx}, 1 <k<K,k,K €N 6
{ b k K} ( ) = Pgr—s(tk) +Pbat—<‘(tk) +lez(tk) +Pdp(tk) +szm(tk) (10)
Pors(t), Liiz—g (1) Poar—c () s Poar—a (1), Perz (), Pre (1) Pap (), Pgr—pjer(tx) s Por—pyi2 (k) € R (@]
The operating limits of each component must be taken into account,
such as the power limits but also the minimum and maximum values of
bpur-c(t) € {0;1} ® P

where Pg_; is the power fed into the electrical grid corresponding to the
electricity selling [W], Lyz_, the hydrogen volume flow rate fed into the
gas network [Nm3/hl], Ppg_. the operating power of the batteries in
charge [W],Pp,_q the operating power of the batteries in discharge [W],
bpar— a binary variable allowing the batteries to be used either in charge
(bpar_c = 1) or in discharge (bpe,_ = 0), P, the operating power of the
electrolyzer [W], Py the operating power of the fuel cell [W], Py, the
power dissipated into the dump load [W], Pg_p/; the power drawn from
main grid so as to ensure all the electrical load demand is met [W] and
Py, /2 the power drawn from main grid for hydrogen production [W].
It can be noted that the sum of these last two powers (Pg_p/e1 + Pgr—p/m2)
corresponds to the total power Py, drawn from the main grid (Fig. 1).

3.1.2. Objective function

The goal of the optimization problem is to minimize the sum of
operating costs over a given period, considering the expenses and the
incomes. The total operation cost ¢, OVer a period of K time samples is
defined by:

K B B B B s B
Coptor = Afzk:lcs,d(lk)l’grﬂ(lk) + €5 prag (01 Lz (1) + €y (1) Poar—c (8) = € (06) Prar—a () € pogy () Ptz (1) + €y (1) Pre (1)

+ C,';fel([k)Pgrf/)/el(tk) + C,Y;fez(tk)Pgrf/)/HZ(Ik)

where cqpo; is the total operating cost over the period [€], C;—el the
electricity selling price [€/Wh], cngZg the selling price of hydrogen fed
into gas network [€/Nm3], c the operating cost of the batteries
[€/Wh], ¢ op—fe the
operating cost of the fuel cell [€/Wh] and c;Hl the electricity purchase
price [€/Wh].

So as to minimize this objective function, the incomes obtained from
the sale of electricity and hydrogen are considered to be negative (c,
and c;szg), whereas the expenses related to the operation of devices
(C;)p—bat’ C;)p—elz and C;Jp—fc
considered to be positive.

op—bat

op—el; L€ Operating cost of the electrolyzer [€/Wh], ¢

) and the purchase of electricity (Cl')—el) are

3.1.3. Constraints

A set of constraints is considered in the optimization problem so as to
obtain a feasible solution. The first constraint is related to the power
balance which must be met at each time sample t, so as to ensure all the
demand is supplied:

state of charge. Thus, the following decision variables are constrained by:

0 < Py (1) < Por-nae an
0 < Lin—¢(t) < Lir-gmax a2
0< ng(tk) < Pg[;mw 13)
0< P[c(tk) < Pfcmax a4)
0< Pd/,(l‘k) < Pipmax (15)

The power drawn from the electrical main grid Py, /¢ cannot over-
pass the sum of electrical load demand and the batteries charging power
(eq. (16)), so as to ensure that batteries self-discharge can be compen-
sated whatever the generated power. The power drawn from the elec-
trical main grid Pg_,/n> cannot overpass the electrolyzer power (eq.

a7.

0 < Pyrpjei(ti) < Paem(tx) + Prar—c(te) (16)

©)

0 < Pypmn(tc) < Pep(t4) a7

The decision variables related to the batteries operation must also
meet some constraints. Indeed, the batteries cannot operate simulta-
neously in charge and discharge, thus the equation Ppy .(t) x
Prar—q(tc) = 0 must be verified at each time sample. So as to transform this
constraint into a linear constraint, the binary variable by, is integrated
in the optimization problem thanks to the following equations [31]:

0 < Poar—c(t) < biar—ec (1) Poar—cmax (18)
(1 = bpar—c(t) )Prar—dmin < Pra—a(tc) <0 19)
0 < bpu—c(ti) < 1, bpar—c(t) € N (20)

Moreover, the state of charge of the batteries and the level of
hydrogen in the hydrogen tank are constrained by lower and upper
limits:

S0Cin < S0C(tr) < S0Cppax (21)
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LoH,.uy < LoH(t) < LoH s (22)

At each time sample t, the state of charge of the batteries SoC can be
formulated as a linear combination of the charge power and the
discharge power since the beginning of the considered period (time
sample t;):

B At k-1 i
SUC(lk):SOC(Il)ahmk T4 Z.:lahm‘ ! (Phum;(fi)’?bm,c"r

batref ¢

Ppa—a(ti) )
Mpar—a

(23)

The same principle can be applied for the level of hydrogen of the
hydrogen tank:

At k-1
LoH(t) = LoH (1 )ay)* ™ +——3
H2ref

Pr(1)
Mre

aHZkilii (Pelz(ti)rlalz -

So as to start each day with an optimal level of hydrogen stored into
the tank, allowing the hydrogen load demand to be supplied, an addi-
tional constraint has been added to the energy management problem.
This constraint consists in imposing that the level of hydrogen LoH must
be at its maximum level at 6 a.m.:

LoH(t = 6a.m.) = LoH ., (25)

3.1.4. Optimization problem solving

The optimization problem related to the energy management can be
formulated as a MILP optimization problem, considering equality and
inequality constraints, such as:

mxin(cllptm‘)s't'(lo) - (25) (26)

This MILP optimization problem is solved with the intlinprog function
available in MatLaB software (Optimization Toolbox) [32], as the opti-
mization problem to be solved is linear (objective function and con-
straints) and some of the decision variables are integer variables. This
solving tool considers a branch-and-bound algorithm to solve the opti-
mization problem. The implemented objective function corresponds to
the equation (9), related to the minimization of the total operational
cost. The equality and inequality constraints described in the equations
(10)-(25) are implemented in matrix form.

So as to limit the computation time due to a high number of time
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simulation, considering consecutive periods of several hours and an
update time step § as shown in Fig. 3. This concept of rolling horizon
simulation with an update time step is explained in [33,34]. Only the
first § time samples are kept at each optimization and the rest of the
period is re-evaluated in the next optimization, according to the power
generation and demand of the K new incoming hours. The choice of the
values of § and K must allow that the operating decisions taken during
the first § time samples of the optimization period have no influence on
what can happen after the end of the optimization period.

3.2. Sizing optimization problem

The outer loop of the two-level optimization process is related to the
sizing optimization. This optimization problem aims to define the size of
the devices allowing the operation costs to be minimized as much as
possible through the energy management optimization problem pre-
sented previously (inner loop), while minimizing the life cycle cost of
the configuration through the sizing optimization (outer loop)
[15,17,18].

3.2.1. Decision variables

The devices parameters to be sized are the batteries capacity Cpares,
the hydrogen tank capacity Cpyrs, the electrolyzer maximum power
P;max and the fuel cell maximum power Py mqy. The vector S represents

- (LHzfg (1) + Lio—aem ;) )}’Hz ) 29

the set of decision variables related to the sizing optimization problem:
S = {Cbalref ) CHZrej'7 Pelzmax7 Pfrma.r} (27)

It can be noted that the size of the other components of the microgrid is
imposed: the dump load maximum power Pgymax, the main grid maximum
power Pg_gnee and the maximum hydrogen flow rate fed into the gas
network Ly, _gmax. The installed power of solar photovoltaic panels is also
imposed and defined according to the available area on the roofs of the
seaport buildings. Indeed, in this case study, the PV array does not need to
be sized by an optimization since the minimum possible amount of
demanded energy per day is larger than the maximum possible amount of
energy generated by this PV array per day. It is also more profitable to use
the energy generated by a PV array than to purchase electricity to the grid.

3.2.2. Objective functions

So as to propose a set of the best solutions and offer a tradeoff be-
tween expenses and incomes, a bi-objective optimization problem is
considered for the sizing optimization. Thus, the aim of the optimization
tool is to find the Pareto-front allowing the expenses to be minimized
and the incomes to be maximized.

The first objective isrelated to the minimization of the total expenses over
the life cycle of the system c;¢¢ [€], including investment and maintenance
costs for each component over the system lifetime [35] and defined as:

. . . .. . Niife
samples, increasing the size of the MILP optimization problem, the en- N i CosMior)y 28)
.. . . . . . C, = Cinvi -
ergy management optimization problem is solved using a rolling horizon Lee = Sinviot — (14 d)’
Cinvior = C,:n,-_[,atchulr(’f + Cin\',HZ CHZrejf + Cinv‘elzpelzmux + C,’nv}f{;Pﬁ'max + Cinv,PV + Cmv.gr + Cinv,dp (29)
Co&Mmror/y = Cogm par Cbatref + CO&M,HZ CHZrcf + C()&M_ye[ZPeIfmax + Co&MI[CPﬂ‘maX + Coampv (30)
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where Ciwor is the total investment costs [€], c; the batteries in-

inv,bat
vestment costs [€/Wh], c;,, the hydrogen tank investment cost
[€/Wh], ¢;y, o, the electrolyzer investment cost [€/W], c;,, .. the fuel cell
investment cost [€/W], cim pv the solar photovoltaic panels investment
cost [€], cinygr the grid connection investment cost [€], Cipy qp the dump
load investment cost [€], cosmor/y the yearly total operational and
maintenance (O&M) costs [€/y], C;)&M,bat the O&M battery cost [€/Wh/
1, Cogmpz the O&M hydrogen tank cost [€/Wh/yl, cpgy ., the elec-
trolyzer O&M cost [€/W/y], c;)&M e the fuel cell O&M cost [€/W/y],
cosmpy the solar photovoltaic panels O&M cost [€/y], d the real discount
rate and Ny, the lifetime of the system [years]. It can be noted that the
replacement costs are included in the second objective function, as they
are related to the operational strategies.

The second objective of the sizing optimization problem is related to
the maximization of the annual net income cpeinc/y [€], considered as
positive, defined as the difference between the annualized incomes and
variable expenses:
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if P,(tx) >0

otherwise (38)

e (tk) = {(1)
where Npeizmax 1S the maximum operating hours of the electrolyzer over
its lifetime before considering replacement and b,i,(t) a binary variable
defining if the electrolyzer is operating or not.

As for the electrolyzer, the cost ¢y, represents the fuel cell annu-
alized replacement cost [€/y], evaluated from the simulation thanks to:

Plomax At
m\fc femax
Creetely = Nhﬁmux ysim Zk lbﬂ t‘ (39)
1, i P(t) >0
bre (1) = {0, otherwise (40)

where Nyfmqx is the maximum operating hours of the fuel cell over its
lifetime before considering replacement and by (tc) a binary variable
defining if the fuel cell is operating or not.

The cost ¢,_q2/, Tepresents the annual purchasing cost of electricity

Cnetine/y = Cs—el/y T Cs—H2g/y T Cs—Hadem/y + Cs—c/y = Crepbat/y — Crepelz/y — Crepfe/y — Cp—elH2/y (31)

where ¢,_, is the annual income brought by the sale of electricity
[€/y], defined as follows for a simulation over a period of Ny, years,
composed of N time samples:

At
Coetly = —mzk ot Pors (1) (32)

The cost ¢;_pyg/y is the annual income brought by the sale of hydrogen
fed into gas network [€/y], defined as:

At

Nmzk € g (1)L (1) (33)

Cs—Hyly = —
The cost ¢;_padem/y is the annual income brought by the sale of
hydrogen for the supply of the harbour area demand [€/y], defined as:

At N
= N 2t S5 trzdem (86 Ltrz—den (1) (34)
ysim

Cs—Hadem[y =

with ¢,_po4,m the selling price of hydrogen for mobility and industrial
processes [€/Nm3], considered as negative.

The cost ¢,_/, is the annual income brought by the electricity pur-
chase savings [€/y], corresponding to the self-consumption, defined as:

At

Cs—cly = T
ysim

N s
Zk:l Cyot (1) (Paem (1) — Per—pyer (1) ) (35)
The cost Creppar/y cOTTEsponds to the batteries annualized replacement
cost [€/y]. It is annualized according to estimated battery lifetime,
which depends on the battery use over the simulated period:

inv,bat Cbl'l'é’f At

N
Wzk:l |Poar—e (t) + Ppar—a(t) | (36)
batexctVysim

Crepbat/y =

where Ejpgex. is the maximum exchangeable energy of the battery during
its lifetime before replacement [Wh].

The cost Creper/y represents the electrolyzer annualized replacement
cost [€/y], evaluated from the simulation thanks to:

cinv,elzP elzmax At

N
N Noo iy Detz () (37)

Crepelz/y =

for Hy production [€/y], defined as:

At

D et P (1) “1n

Cp—elH2)y =

Thus, the first objective function (28) is only related to the sizing of
the components, while the second objective function (31) depends on
both the energy management optimization results and the sizing.

Table 1
Technical parameters.
Parameter Value
Epatex 13.734 GWh for Cygrer = 1.09 MWh
Lz gmax 200 Nm®/h
LoHpax 1
LoHpin 0.1
LoHjp;; 0.1
Nietzmax 60 000 h
Nhfemax 30000 h
Phar—cmax 2.2 MW for a battery of Cyqrer = 1.09 MWh
Prat—dmax — 2.2 MW for a battery of Cparer = 1.09 MWh
Papmax 26 MW
Py gmax 12 MW
S0Cpax 0.9
S0Cpin 0.1
S0Cinit 0.1
Ti2 3000 Wh/Nm*
Mbatc 96 %
Nbat—d 96 %
Nty 70 %
g 50 %
Ghar 0.17 %/d
o2 0.01 %/d
K 192 (corresponding to 48 h for At = 15 min)
N 35,040 (simulation over one year with At = 15 min)
Nige 25
Nysim 1
At 15 min

8 96 (corresponding to 24 h for At = 15 min)
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Table 2
Economic parameters.
Parameter Value
Cranpat 350 €/kWh
Coavets 1500 €/kW
Cinvfe 2500 €/kW
Couniiz 20 €/kWh
CosaMbat 6 €/kWh/y
Coselz 67.5 €/kW/y
Cosmse 75 €/kW/y
Corntin 0.2 €/kWh/y
Cop_bar 0.02 €/kWh
Copelz 0.005 €/kWh
Cop gt 0.01 €/kWh
Comdp 1.5 M€
Cinv.gr 2 M€
Ciny PV 4.32 M€
Co&M.PV 60.4 k€/y
d 5%
PPpax 20 years
- = c's-el — c'p-el T C's-H2g mEmmEs c's-HZdem
!
O2msnnssssessssssssssssssssssssssssssssssssss
0.18+ | | I I I | I |
0161+ Winter day | Summer day
§ 0.14+ | | I I I i
o 012r i
'..g 0.1
Q 0.08
© 0.06
0.04
0.02
0 | | I I I 1 I I | | | |
0 4 8 12 16 20 0 4 8 12 16 20 24
Hour of day

Fig. 4. Energy selling and purchasing prices over a “winter” day (31st March)
and a “summer” (1st April) day.

3.2.3. Constraints

The optimal solutions must satisfy several constraints. The first kind
of constraints is related to the lower and upper boundaries of each de-
cision variable:

Chrarrefiow < Chatrer < Chatrefup (42)
Chizrefiow < Crizrer < Chzrefup (43)
Pelzma.r.law S Pelzmwc S Pelzmax,up (44)

............. T P AL TT) LA TTa T
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Premaxjow < Premax < Premaxup (45)

It can be noted that these upper limits are related to the available
area in the harbour which could be used to set up the microgrid devices.

Moreover, the payback period PP of the sizing cannot overpass an
upper limit PPy, so as to be realistic [36]:

Cinvior

PP=———0<PP< PP,y (46)

b
Chetinc/y — Co&Mtot/y

3.2.4. Optimization problem solving

The optimization problem related to the sizing can be formulated as a
bi-objective problem for which two conflicting objectives have to be
minimized, summarized as:

msin(cLCC, —Cnerineyy) 8-1.(42) — (46) (47)

The sizing optimization problem is solved thanks to a metaheuristic
approach, using a genetic algorithm called Nondominated Sorting Ge-
netic Algorithm (NSGA-II) and developed by K. Deb et al. [37]. This tool
has been widely used for solving complex bi-objective sizing optimiza-
tion problems [21,38], so as to determine the best configurations ac-
cording to two conflictive objectives. It is suitable for the solving of
optimization problems with large search space and non-linear charac-
teristics, which is the case of the presented optimization problem. Other
optimization algorithms could be used to solve the considered optimi-
zation problem, but the comparison of optimization tools is out of the
scope of this paper. The genetic algorithm used in this work is imple-
mented in the MatiAB software, according to [39]. The criteria described
in the equations (28) and (31) are considered as the two conflicting
objective functions which have to be minimized by the solving tool, by
determining a trade-off between both objectives. Moreover, the algo-
rithm must find solutions which ensure that the constraints described in
equations (42)-(46) are not violated.
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Fig. 6. Hourly distribution of the daily hydrogen demand for mobility uses.

700

600

= 500

s -l 400
K4 \ 300
w4200

3
L,,, INm®h]

17/05-6:00 17/05-12:00 17/05-18:00 18/05-0:00
Time

0
18/05-6:00
2019

Fig. 5. Example of considered profiles (generated power, electrical load power and hydrogen load demand) for two days of the simulated year.
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4. Results

The combined optimization for an industrial microgrid described in
the Section 3 is applied to the case study of the harbour of Saint Nazaire
(France). This scenario is based on a national ADEME project and seeks
to develop the concept of Industrial Smart-Grid including collective self-
consumption aspects. All the technical and economic parameters
considered for this case study are given in the first subsection. Then, the
results obtained for the sizing optimization are presented, and an
example of operating profiles is shown for an optimal configuration.
Finally, a sensitivity analysis for several economic parameters is carried
out so as to show their impact on the sizing results.

4.1. Parameters and data

The technical parameters of the battery, the electrolyzer and the fuel
cell are given in Table 1, in addition to the parameters related to the
temporal simulation. The microgrid operation is simulated over a period
of one year, considering the power generation and load demand data of
2019. The lower limits of the sizing decision variables (Cparef.iows
Crioref jow> Pelzmaxjow and Ppgnaxjow) are all set to zero, while the upper
limits are set to: Cparef,yp = 20 MWh, Crigrerup = 20 MWh, Petzmax p = 20
MW and Ppmgryp = 20 MW.

The values considered for the economic parameters are given in
Table 2, taken from different recent publications [30,40-44]. The pro-
files related to the selling and purchasing prices of electricity and
hydrogen are presented in Fig. 4. The purchase price of electricity CI'HI
depends on the hour of the day (night tariff between 22 pm and 6 am,
day tariff the rest of time) and the season (summer period: from 1st April
to 31th October, winter period: from 1st November to 31th March). The
selling price of electricity c, ,; is related to the imbalance settlement
price defined by electricity network operator in France (RTE) and varies
according to the hour of the day [45], with values between 0.0291 €/
kWh and 0.0566 €/kWh. The selling prices of hydrogen c, ,;,4,, and
céfmg are considered to be constant whatever the hour of the day and the
day of the year. The assumptions of ¢,_p,,, = 0.2 €/kWh and ¢; g, =
0.1 €/kWh are done, corresponding to probable values of the hydrogen
market in the forthcoming years.

The electrical power generation profile Py, considered in this case
study involves the power generation from a PV array, for which the
installed power is 4 MW, and the power generation from engine testing
(genset) for which the power peak reaches 20 MW. The total amount of
energy generated by both of these sources over a year amounts 10 GWh.
The electrical power demand Py, involves the load demand of industrial
buildings and the seaport basin pumps. The maximum total load power
demand reaches 3 MW and the annual demanded energy amounts to
6.5 GWh. A part of the considered profiles for the generated power Pg,
and the electrical load power Pg,, is given in Fig. 5, for two days of the

Annual net income ¢ incly [k€ly]

957 1 1 1 1 1
145 15 155 16 165 17 175 18

Life Cycle Cost Gce [M€]

Fig. 7. Pareto front of the sizing optimization result.
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Fig. 8. Capacity of batteries and hydrogen tank of the Pareto front solutions.
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Fig. 9. Electrolyzer and fuel cell power of the Pareto front solutions.
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Fig. 10. Payback period of the Pareto front solutions.

considered year (2019).

The hydrogen load demand Ly, 4. considered in this study involves
mobility needs and an industrial process (hydrogen engine testing). For
the mobility needs, assumptions on the daily demand distribution have
been done to build a typical daily load profile for each kind of mobility,
as shown in Fig. 6. The profile related to the fueling of a fleet of cars is
taken from [46] and the profile related to the fueling of a fleet of
hydrogen buses is based on the data presented in [47]. Due to lack of
available data in the literature, the hydrogen fueling profile of boats is
more difficult to define. Thus, it is considered that the fueling of boats
can occur whatever the hour of the day and the fueling events are
equally distributed over the day, which leads to a constant demand over
the day. The hypothesis considered for the simulations carried out in this
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Fig. 13. Energy fed into gas network for each solution of the Pareto front.

section is that the daily hydrogen demand for each mobility use amounts
200 kgHy/d, thus 7.292 GWh per year for the three kinds of mobility.
For the hydrogen demand related to the industrial process, the annual
demanded energy amounts 272 MWh, but this demand is unequally
dispatched over the year (six weeks during the year). Considering these
assumptions, an example of the total hydrogen demand profile Ly gem
over two days is given in Fig. 5.

The parameters of the genetic algorithm used for the sizing optimi-
zation problem (NSGA-II) have been set after investigation of the most
convenient values allowing a good compromise between accuracy and
computing time. Thus, the number of individuals in a population has
been set to 30 and the number of generations to 2000. The selection is
based on tournament, the crossover rate has been set to 0.5 and the
mutation rate to 0.1 [39]. The two-level optimization is performed using
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Fig. 14. Energy lost in conversion and storage systems for each solution of the
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MatLas 2020a software on an Intel® Core™ i9-9900U CPU @ 3.1 GHz
processor, 128 GB RAM.

4.2. Sizing results

The Pareto front obtained for the sizing optimization is shown in
Fig. 7. The results show that the solutions with a higher life cycle cost
leads to a small increase of the annual net income, which means a higher
investment brings little additional income. It can be noted that the ob-
tained panel of solutions is limited in the right side by the maximum
allowed payback period (20 years, for the point c ¢cc = 17.75 ME€). In the
left side, the point for which the life cycle cost c;cc amounts 14.7 M€
corresponds to the configuration necessary to allow the hydrogen load
demand to be met (the corresponding life cycle cost includes the fixed
investment costs of eq. (29)). The devices sizing of the different Pareto
front solutions are plotted in Figs. 8 and 9. These results show that all the
solutions present a similar hydrogen tank capacity (between 12 and
14 MWh) and electrolyzer power (2.3 MW). The spread of the solutions
in the Pareto front is related to the increase of batteries capacity ac-
cording to the increase of the life cycle cost, from 0 to 7 MWh. It can be
noted that no fuel cell is included in the optimal configurations. This
result can be explained by the high investment cost of a fuel cell and by
the low efficiency of a power-to-gas-to-power system, leading to a low-
profitable energy conversion compared to other ways of valorisation.

The payback period of the obtained solutions is given in Fig. 10. The
payback period increases according to the increase of the life cycle cost,
which indicates that a higher investment does not bring a sufficient
income to decrease the payback period. However, the configurations
with higher life cycle costs present a higher valued energy rate, as shown
in Fig. 11. The valued energy corresponds to the quantity of the
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generated energy which has been fed into the main grid, or used for the
supply of electrical loads or converted into hydrogen. From this figure,
the part of the generated energy which has been lost into batteries,
electrolyzer and dump load can be deduced (between 18% and 15.5% of
the generated energy). The corresponding distribution of the valued
energy for each solution of the Pareto front is given in Fig. 12, according
to the three ways of valorisation considered: the part of generated en-
ergy which is fed into the electrical network, the part transformed into
hydrogen (after conversion by the electrolyzer) and the part used for the
supply of the electrical loads. Most of the generated energy is fed into the
electrical grid. Also, these results show that the energy used in self-
consumption for the supply of the electrical loads raises according to
the increase of the batteries capacity. As a consequence, the energy fed
into the electrical network decreases, as it is more profitable to use the
energy stored into the batteries in self-consumption than to feed it into
the main grid. Moreover, the energy converted in hydrogen increases
according to the increase of life cycle cost, corresponding to an increase
of the hydrogen volume fed into the gas network (Fig. 13). It can be
noted that the amount of electricity purchased for the supply of
hydrogen loads decreases thanks to the increase of battery capacities,
allowing the use of the generated energy to be postponed. Finally, it can
be observed that the solutions with the highest life cycle cost values
present more energy losses due to more frequent use of the batteries and
the electrolyzer (Fig. 14), while less energy is fed into the dump load
(Fig. 15) which could mean in a real case that less power curtailment
would be necessary.

Thus, these results show that higher investments costs (correspond-
ing here to the increase of the batteries capacity) allow the energy val-
orisation to be improved. A slight increase of the incomes can be

Table 3
Economic results for 1 year simulation.
Cost category Sub-cost Result
Fixed expenses: Investment (CAPEX) Batteries c;nv_mcba,,ef 0.35 M€
Hydrogen tank ¢, ;;, Crizre 0.25 M€
Electrolyzer c;,,, ., Petzmax 3.474 M€
Fuel cell c;,, sePfomax 0 M€
PVcin pv 4.366 M€
Grid connection Ciny.gr 2 M€
Dump load iy, gp 1.5 M€
Total Ciuyror 11.94
M€
Fixed expenses: Operational and Batteries c’o&Mymeamf 6 k€/y
maintenance expenditures (OPEX)
Hydrogen tank cyg . 1o Charef 2.5 k€/y
Electrolyzer ¢y, Petmax 156 k€/y
Fuel cell ¢y, ePfemax 0 k€/y
PVcogmpy 61.05
ke€/y
Total coror/y 225.9
k€/y
Variable expenses Batteries replacement Creppar/y 3.13k€/y
Electrolyzer replacement 356.45
Crepelz/y kezy
Fuel cell replacement Crepfe/y 0 k€/y
Electricity purchase for 660.96
hydrogen production ¢,_2/y k€/y
Electricity purchase for 353 k€/y
electrical loads supply ¢, cidem/y
Annual incomes Electricity sell ¢y 173 k€/y
Hydrogen sale for gas network ~ 44.28
Cs—Hogly kezy
Hydrogen sale for local 1513 k€/
demand ¢;_padem/y y
Electrical load supply savings 249.77
Cs—c/y ke/y
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Fig. 17. Distribution of the total generated energy (10 GWh from engines
testing and PV).

obtained by avoiding the purchase of electricity for the supply of
harbour loads (electrical and hydrogen loads).

4.3. Example of results for the energy management optimization (for a
given optimal sizing)

The operation of a configuration obtained from the Pareto front
(Fig. 7) is analyzed in this section. The considered sizing is composed of:
Cbutref =1 MWh, CHZref =125 MWh, Pelzma.x = 2.3 MW and Pfcmax =0
MW, leading to an annual net income Cperinc/y = 960 k€/y and a life cycle
cost cicc = 15.12 ME. The operating profile of each microgrid device is
given in Fig. 16, over a period of two days (from May 16th, 2019 at 6am
to May 18th, 2019 at 6 pm). Two kinds of behavior can be observed for
the generated power during these two days (Fig. 16-a). During the first
day, the electrical energy is generated from both solar photovoltaic
panels and the engine testing process, whereas during the second day it
is generated only by the solar photovoltaic panels. Thus, the generated
power does not reach the same maximum value (20 MW for the 1st day
vs. 2 MW for the 2nd day), involving differences on the energy valor-
isation. The recovered energy is used in priority for the most profitable
solutions, which is the hydrogen production (Fig. 16-c and d) and if
sufficient energy is available, for the supply of electrical loads allowing
the purchase of electricity to be avoided (Fig. 16-d). In the case of a high
generated power (thus for the days with the engine testing process), the
surplus is fed into the electrical network (Fig. 16-b), as it happens be-
tween 10am and 2 pm during the first day of the displayed period. As the
grid power limit is reached (Pgr_smax = 12 MW), a part of the generated
power can be fed into the batteries (Fig. 16-g), so as to be used later for
the supply of electrical loads (Fig. 16-d) and for H, production (Fig. 16-
e). It can be noted that the maximum allowed SoC value is reached and
the batteries charging is done as late as possible so as to minimize the
energy losses due to self-discharge. The supply of hydrogen loads is done
either by the discharge of the hydrogen tank (Fig. 16-g) or by the use of
electrolyzer, for which the electrical power comes from the local energy
sources or is drawn from the main grid (Fig. 16-e). It can be noted that
the hydrogen tank is filled during the evening and the night, either by
the microgrid energy sources or by electricity purchase to the main grid
during the low-price period (from 10 pm to 6am, as shown in Fig. 16-h).
As the self-discharge is higher for batteries than for hydrogen tank, the
batteries are discharged before the hydrogen tank in order to limit the
losses related to the self-discharge (Fig. 16-g). Thus, these results allow
two trends to be distinguished, according to the economic hypotheses
and the electrical power generation. So as to maximize the incomes, the
harnessed energy is used in priority for the supply of electrical and
hydrogen loads (the highest prices as shown in Fig. 16-h). Moreover,
during the days where power generation from industrial machine testing
happens, the harnessed energy can be fed into electrical and gas net-
works if a surplus of power exists (after considering the load supply).

This sizing is analyzed from an economic point of view in Table 3,
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according to the simulation results over one year data (2019). The solar
photovoltaic panels and the electrolyzer represent most of the invest-
ment costs, respectively 36.5% and 29% of the total investment costs.
Moreover, the obtained electrolyzer sizing involves high operational
expenditures and must be replaced after 9 years as it is used most of the
time (the hydrogen load demand must be met all the time). The incomes
are mostly brought by the sale of hydrogen for the supply of seaport
loads (among 76.4% of the total annual incomes), and then by the
electricity savings (12.6%) and finally by the electricity fed into the
main grid (8.7%). The hydrogen sale for gas network brought a little
income (2.3%). These trends are related to the mismatch between en-
ergy selling and purchasing prices (Fig. 4). It can be noted that most of
the purchased electricity is used for hydrogen production, since the
power generated by the microgrid sources can be low.

Finally, an overall energy balance of this sizing is shown in Fig. 17,
which gives the distribution of the use of the generated energy
(10 GWh/y from engines testing and solar photovoltaic panels). It can be
highlighted that 83% of the available energy is recovered, mostly thanks
to the injection into the main grid as the power limit is high (12 MW).
The rest of the recovered energy is shared between the supply of the
electrical loads and the hydrogen production. Finally, these results show
that 17% of the generated energy is lost, due to the losses in the battery
and the electrolyzer and also due to the injection of the surplus into the
dump load.

From the self-sufficiency point of view, it can be noted that 40% of
the energy required by the electrical loads is supplied by the local energy
sources (solar photovoltaic panels and engine testing). Moreover, the
hydrogen produced thanks to these energy sources represents 27.6% of
the total amount of produced hydrogen.

4.4. Sensitivity analysis

So as to show the impact of the economic hypotheses on the results,
we present in this section a comparison of the Pareto front and the sizing
obtained with different values of some economic parameters. The
sensitivity of the results is performed for the investment costs and the
selling price of hydrogen fed into the gas network. The investment costs
are modified separately, by increasing or decreasing by 25% the refer-

;m,,elz = 1500 €/kW, c¢;, o = 20 €/kWh,
Cise = 2500 €/kW and ¢, 4, = 350 €/kWh. Also, two values are
considered for the sale price of the hydrogen injected into the gas
network: ¢;_y,, = 0.05 €/kWh then ¢, y,, = 0.15 €/kWh (the reference

value is c;szg = 0.10 €/kWh). The obtained Pareto fronts are presented

ence values given in Table 2: ¢ iy

in Fig. 18 and the corresponding optimal sizing is shown in Fig. 19. The
payback period of all of these solutions is presented in Fig. 20. These
results show that the most significant parameter is the investment cost of
the electrolyzer, as a 25% decrease in this cost allows the annual net
income obtained for the reference scenario to be increased by around
10% for a given life cycle cost value. This can be explained by the raise of
batteries capacity (Fig. 19), allowing more energy to be used in self-
consumption. Indeed, for a same life cycle cost value, the savings done
by the decrease of electrolyzer investment cost can be used to buy more
batteries, leading to higher incomes. A 25% increase of electrolyzer
investment cost causes a 10% decrease in the annual net income for a
given life cycle cost value, and a lower batteries capacity. The second
most influent parameter is the selling price of hydrogen fed into the gas
network. Indeed, if the selling price is raised to 15 c€/kWh, the annual
net income is increased by around 6% for a given life cycle cost value.
The consequences on the sizing are a higher electrolyzer power and a
lower storage capacity (batteries and hydrogen tank), as it is more
profitable to produce hydrogen and to fed it directly into the gas
network than in the reference scenario. It can be noted that the reference
value of 10 c€/kWh is not the best scenario due to the replacement cost
of electrolyzer, which decreases the annual net income (the case with a
5 c€/kWh selling price leads to a lower replacement cost as the

14

Energy Conversion and Management: X 12 (2021) 100107

electrolyzer is less used, thus a higher annual net income). The third
most influent parameter is the investment cost of the batteries. However,
its influence is lower than those of the previous analyzed parameters, as
only a 0.5% variation is observed on the annual net income values in
comparison to the reference scenario. This can be explained by the
change of batteries capacity (Fig. 19), which modifies the share of the
generated energy, thus the incomes. Finally, it can be observed that the
investment costs of the hydrogen tank and the fuel cell have little in-
fluence on the results, as the obtained fronts of solutions nearly coincide
with the reference front. No fuel cell is used in the solutions, even if its
investment cost would decrease. The results presented on Fig. 20 show
that a decrease of the electrolyzer investment cost and a more expensive
hydrogen selling price allows the payback period to be diminished by
several months (up to two years) for a given life cycle cost value, in
comparison to the reference scenario. Thus, the sensitivity analysis
carried out show that the profitability of the solutions is mainly influ-
enced by the investment costs of the electrolyzer and the batteries, in
addition to the selling price of hydrogen fed into the gas network.

5. Conclusion

A combined optimization of the energy management and of the
sizing of a multi-energy microgrid has been proposed in this paper. The
case study of a seaport has been considered, but the methodology could
be applied to any industrial multi-energy microgrid. The proposed
methodology allows different technical and economic criteria to be
taken into account, considering multiple electrical and hydrogen loads
and multiple storage solutions. Thanks to the formulated objective
function, the incomes can be maximized while the operational and in-
vestment costs are minimized. Among the multiple ways of energy
valorisation considered, the hydrogen production appears to be the most
profitable for the valorisation of the existing non-dispatchable energy
sources in the area, thanks to the hydrogen selling price. Nevertheless,
the energy can be sold to the main grid or used for the supply of the local
electrical loads, so as to limit the high investment costs related to the
electrolyzer and the hydrogen tank. The sensitivity analysis carried out
in this paper has shown that the profitability of such microgrid depends
mostly on the investment costs of the electrolyzer and the batteries and
the selling price of hydrogen fed into gas network. Moreover, the aging
of the devices must be considered as the replacement costs can represent
a non-negligible part of the expenses, if the storage solutions are used
frequently.

However, we can find some limits about the proposed optimization,
which allows several perspectives to be considered. Firstly, it can be
noted that the sizing optimization has been formulated according to real
continuous decision variables. The next step could be to compare these
results with those obtained with devices available on the market, so as to
quantify the differences, considering an assembly of unit modules so as
to get capacity and power as close as possible to the sizing results pre-
sented in this article. Also, a sizing optimization with discrete decision
variables could be carried out, which would correspond to optimize the
number of unit modules of each device. This will lead to solve a
combinatorial optimization problem. Moreover, it can be noted that the
economic assessment could be detailed by taking specific costs into ac-
count for each device, such as the replacement of specific components
and the annual operational expenditure for example. Then, several
perspectives deal with the system operation. The proposed energy
management optimization involves the ability to forecast and to plan the
power generation and the power demand over a period of several hours.
However, some uncertainties exist and the operation of microgrids must
be updated according to real-time decisions. Thus, the design of a real-
time energy management system appears to be necessary, by proposing
rule-based strategies and comparing their results with the optimal en-
ergy management strategy considered in this paper. Moreover, it could
be interesting to integrate the electricity market mechanisms in the
technical-economic model, by developing adapted energy management
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rules. Then, the possible benefits could be quantified and also the impact
on the sizing. An increase of the batteries capacity is expected, so as to
provide ancillary services. Finally, some dedicated energy management
strategies could be developed for the collective self-consumption, in
order to define the energy sharing between multiple participants (pro-
ducers and consumers) and the economic and operational model. Such
studies have to be done according to the energy policy and the economic
regulations expected in the incoming months for the hydrogen sale.
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