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Abstract: Green hydrogen is addressed as a promising solution to decarbonize industrial and mobility
sectors. In this context, ports could play a key role not only as hydrogen users but also as suppliers
for industrial plants with which they have strong commercial ties. The implementation of hydrogen
technologies in ports has started to be addressed as a strategy for renewable energy transition but
still requires a detailed evaluation of the involved costs, which cannot be separated from the correct
design and operation of the plant. Hence, this study proposes the design and operation optimization
of a hydrogen production and storage system in a typical Italian port. Multi-objective optimization
is performed to determine the optimal levelized cost of hydrogen in environmental and techno-
economic terms. A Polymer Electrolyte Membrane (PEM) electrolyzer powered by a grid-integrated
photovoltaic (PV) plant, a compression station and two-pressure level storage systems are chosen
to provide hydrogen to a hydrogen refueling station for a 20-car fleet and satisfy the demand of
the hydrogen batch annealing in a steel plant. The results report that a 341 kWp PV plant, 89 kW
electrolyzer and 17 kg hydrogen storage could provide hydrogen at 7.80 € /kgH,, potentially avoiding
about 153 tCO, ¢q/year (120 tCO, q/year only for the steel plant).

Keywords: hydrogen hub; renewable energy storage; Mixed-Integer Linear Programming (MILP)
optimization; industrial port area; hard-to-abate sector; hydrogen refueling station; multi-objective
optimization; hydrogen in port; steel plant; port decarbonization

1. Introduction

It is widely accepted that the development of a green hydrogen economy could not
only accelerate the renewable energy transition but also avoid the inequalities introduced
by fossil energy sources [1]. The European Union (EU) has recently outlined some strategies
to promote hydrogen production from Renewable Energy Sources (RES), and guidelines
for the development of hydrogen systems are also available in Italy [2,3]. In addition to the
clear advantages in terms of local emissions when hydrogen is used as fuel (e.g., in fuel
cell vehicles), hydrogen is also one of the possible solutions to store energy produced from
RES, e.g., solar and wind energy [4,5]. Compared to other electric storage systems such as
lithium-ion or lead—acid batteries, hydrogen could be used for large seasonal energy storage.
The stored hydrogen can then be reconverted into electricity via electrochemical devices
(i-e., fuel cells) or directly used as fuel or chemical feedstock, e.g., in the “hard-to-abate”
industry [6]. The International Energy Agency (IEA) [1] estimates that hydrogen could
play a key role in the decarbonization of the iron and crude steel industries, which should
decrease their CO; intensity by up to 2.5% annually in order to meet the restrictions by
2030. Sasiain et al. [7] calculated that the substitution of syngas derived from natural gas
with green hydrogen could reduce CO, emissions by up to 88%, even if such an advantage
was lost when the CO; intensity of the electricity network exceeded 125 gCO,/kWh.
Bhaskar et al. [8] estimated that coupling hydrogen direct reduction with Electric Arc
Furnaces (EAF) could reduce emissions by up to 35% at the EU grid emission level of
295 gCO,/kWh.
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Nevertheless, although future investments aim to reduce the cost of green hydrogen,
the cost of hydrogen production via electrolysis (=10-20 $/kgHy) is still not competitive
with the cost of hydrogen produced via Steam Methane Reforming (SMR) or coal gasifi-
cation processes (=2 $/kgH>) [9,10]. For example, Reddi et al. [11] estimated a hydrogen
cost of 6-8 $/kgH, for a Hydrogen Refuelling Station (HRS) with 200 kgH, /day of dis-
pensing capacity. A recent analysis by Minutillo et al. [12] evaluated the Levelized Cost
Of Hydrogen (LCOH) for hypothetical Italian refueling stations with on-site hydrogen
production via water electrolysis. The LCOH resulted in a range between 9.29 €/kgH; and
12.48 €/kgH,, depending on the size of the energy system and the electricity mix. Other
studies addressed the preliminary design and optimization of green hydrogen energy
systems with reference to both techno-economic and environmental aspects. For example,
the studies proposed in [13,14] analyzed multi-energy systems and determined the photo-
voltaic (PV)-electrolyzer power ratio, which minimized the green hydrogen production
cost. It should be noted that the optimal PV—electrolyzer power ratio depends on several
effects, e.g., the cost of energy units, the energy available from RES, the hydrogen demand
profiles. Castellanos et al. [13] identified an optimum power ratio between the PV and
electrolyzer of 2.85, while in [14], the optimum power ratio was about equal to one.

Nevertheless, there seems to be a lack in the literature of studies addressing the
optimization of hydrogen production and storage systems to fulfill the needs of a port
industrial area, considering both industrial and mobility applications. In this framework,
the present study investigates how green hydrogen produced from RES could be used
to reduce fossil fuels consumption of internal transport and of an industrial plant in a
typical Italian port. A multi-objective optimization model was developed to determine the
optimal design and operation (D&O) of hydrogen production, storage and delivery systems
located in a port industrial area. Two objective functions were defined to consider both
techno-economic and environmental aspects. The optimization problem was formulated
with a Mixed-Integer Linear Programming (MILP) approach, which allows us to limit the
computational effort with respect to other mathematical approaches [15,16]. The proposed
system encompasses a Polymer Electrolyte Membrane (PEM) electrolyzer, volumetric
compressors and compressed hydrogen storage systems. A PV power plant integrated
with the Italian electrical grid was included in the proposed energy system. The proposed
analysis is based on cost data and a set of techno-economic assumptions that were collected
from existing components. In the following, the proposed hydrogen system is described,
and the main characteristics of the different components are presented. Afterwards, the
D&O optimization model is outlined, and then the results are discussed.

2. Proposed Plant Description

The industrial area of a typical port in the North-East of Italy was selected as a case
study to assess the optimal D&O of a hydrogen production and delivery system. In
particular, two hydrogen users were identified, namely an HRS to feed the car fleet of the
port and a steel plant. The latter consists of a cold rolling plant for steel refining, which
could use hydrogen for the annealing process in bell furnaces. For a preliminary analysis, it
was assumed that a part of the hydrogen demand for the steel plant could be replaced with
hydrogen produced from the proposed hydrogen production plant (~1000 kgH, /month).
As for the car fleet, 20 Fuel Cells Hybrid Vehicles (FCHV) were considered, and it has been
assumed that each car covers 30 km/day. Such assumptions were made in accordance with
data of the current car fleet in the port of Trieste, available in [17]. An average hydrogen
consumption of 0.01 kgH, /km and a 5-kg hydrogen tank capacity were assumed for each
car [11,12]. A possible hydrogen refueling schedule was proposed with car refueling either
at 7 a.m. or at 5 p.m. during weekdays. If, in the future, the HRS were to be dedicated
to refueling more vehicles (including private ones), it would be necessary to evaluate a
different refueling schedule such as the one proposed in [11].

Moreover, other possible users could be later included in the system, such as the
public transport (e.g., buses, trains, ferries) and the internal transport in the port area (e.g.,
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locomotives, forklifts, reach stackers, yard tractor, cranes, etc.) [18-21]. Figure 1 shows a
simplified schematic of the analyzed hydrogen system. The green lines represent electricity
flows, while hydrogen flows are reported in blue.

Figure 1. Simplified schematic of the hydrogen production, storage and delivery system. Green lines
represent electricity flows, solid blue lines represent the considered hydrogen flows, dashed blue
lines represent future possible hydrogen demands and the orange line represents the oxygen flow.

A PEM electrolyzer was chosen to produce high-purity hydrogen. The performance
characteristics of the electrolyzer were evaluated on the basis of existing applications [1,10].
The electrolyzer is powered by electricity coming from the electric grid and/or from the
PV plant, depending on the best strategy defined by the Energy Management System
(EMS). It was assumed that excess electricity coming from the PV plant can be sold to
the grid. The cost of the water flow feeding the electrolyzer was not considered in the
calculation, since in Italy, it has a limited impact on the total production cost of hydrogen
(<1%) [12]. Hydrogen produced at 30 bar is then compressed to 300 bar by a reciprocating
compressor. This pressure level was chosen to find a compromise between the cost and
volume occupied by the storage system. Compressed hydrogen could be used directly in
the steel production plant or stored at 300 bar in the here called Low-Pressure (LP) storage
system. The remaining part is further compressed to 820 bar and stored in a High-Pressure
(HP) storage system for feeding the HRS. This pressure level allows the fast fueling of
cars, without the use of compressors for transferring hydrogen to the vehicle tanks with
a storage pressure of up to 700 bar. A refrigeration unit was considered at the dispenser
to guarantee a hydrogen temperature during refueling of —40 °C [22]. The orange line
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in Figure 1 indicates the oxygen flow produced in the electrolysis process. While oxygen
production was not considered in the optimization model, it could represent an additional
revenue for the plant. The dashed blue lines indicate possible hydrogen demands for other
vehicles that operate in the port and that could be included in the future.

3. Method

The set MILP optimization problem aims to find x*(t) and 5*(t) (i.e., the optimum
values of the continuous, x, and binary, §, decision variables associated with the design
and operation of the energy system) that maximize or minimize the objective function Z
(Equation (1)) subject to the constraint equations g(t) and inequalities h(t) (Equations (2)
and (3)), which make up the model of the entire hydrogen system under consideration.

Z = f0 (1), (1)) 1)
g(x"(t), 8"(t)) =0 @)
h(x*(t), 8°(t)) <0 ®)

Section 3.1 introduces the g(t) and h(t) relationships in Equations (2) and (3), which
describe the D&O of the energy conversion and storage units. Section 3.2 outlines the Z
objective functions in Equation (1) and the adopted optimization approach.

3.1. Model for the Proposed Energy System

This section introduces the equations used to describe each energy conversion and
storage unit embedded in the model as constraints of the optimization problem.

3.1.1. Photovoltaic Power Plant

The available solar energy was evaluated in agreement with the Italian standard UNI-
10349 [23]. It was assumed that PV panels are installed on the buildings in the port area.
The monocrystalline silicon panels are supposed to be arranged perfectly to the south with
an inclination slope of 30°, albedo and Linke turbidity factors were set equal to 0.18 and 3,
respectively. The PV efficiency (npy) and the inverter efficiency (Mijnyerter) Were assumed
constant at varying of the power load.

For each month, solar irradiance per hour (P;,,,(t)) was calculated for the 15th day,
assumed as the reference day for every single month. The PV peak power (Dpy) was
constrained not to exceed the maximum available area for the PV plant (about 24.000 m?).
Solar irradiance (P, (t)) was introduced as a fixed input variable of the system. The
surface occupied by the PV plant (Areapy) and the power produced by the PV plant
(Ppy (t)) were considered proportional to Dpy, neglecting the scale effect. An average value
of about 8 kWp/m? was considered for the PV panels (coefpy in Equation (5)).

PPV(t> = nPV'T‘inverter'DPV'Psolar(t) (4)
DpV = C0€fpv-A1’€apV (5)
AreaPV S AreaPV,max (6)

3.1.2. Electric Grid

The national electric grid is supposed to have an infinite power capacity for supply-
ing/purchasing power to/from the considered energy system, with the hypothesis that
costs of electricity (supplied and purchased) are constant during the year. In addition,
voltage and frequency are assumed equal in both grid and hydrogen system networks.
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3.1.3. Energy Management System

The energy management system sets out the operation of the energy system, managing
the direction of the power flows. At each time step, the power balance in Equation (7) must
be verified:

PPV(t) + PERID(f) - PERID(t) = Pelect(t) + PCOmPLP (t) + PcomPHP (t) + Prefr(t) (7)

where Pl (t) and Pop p(t) are the electric power purchased and sold from/to the grid
at time £, respectively. P, (t) is the input power of the electrolyzer, Peonp, , (t) is the input
power of the low pressure (LP) compressor and Peoyprp (t) is the input power of the high
pressure (HP) compressor.

3.1.4. Electrolyzer

The operation of the electrolyzer is described by the MILP Equations (8) and (9).
The size of the electrolyzer (D,.;), i-e., the design power, is a decisional variable of the
optimization problem.

HLP(t) = klelm’Pelect(t)'éelect(t) (8)
k2elm Delectfselect(t) < Pelcct(t) < k3elect Delectéelect(t) (9)

In Equation (8), Hy p(t) indicates the hydrogen mass flow rate exiting the electrolyzer
at time t, expressed as proportional to P, (t) by a constant coefficient kq, ,, which is
determined according to the linearization of the performance curve of a typical electrolyzer
at different power load [1,10]. d,jec¢(t) is the binary variable that indicates the on/off status
of the electrolyzer. In Equation (9), k,,, and k3, , set the load limits of the electrolyzer.

elect

3.1.5. Compression Station

It is assumed that both LP and HP compressors are reciprocating compressors. In
the following equations, the index j is used to indicate both LP and HP compressors.
The electrical power absorbed by the j-th compressor (Peopp,j) is calculated as a function
of the hydrogen mass flow rate (H;(t)) entering the j-th compressor by means of the

proportionality coefficient klwmm (Equation (10)).
Peomp,i(t) = ku,,, -Hj(t) (10)
ky_ . in Equation (10) is calculated as reported in Equation (11), i.e., depending on: the

comp,j
mechanical efficiency of the compressor (#,,,¢1;), the isentropic compression efficiency (#;;),

the electrical efficiency of the electric engine (7,;) coupled with the compressor, and the
ideal work of compression of an adiabatic isentropic compression (Leomp,ia)- The latter is
determined as shown in Equation (12).

- Lcomp,id 11)
1’:0ij Mmech™ Mis el
()
2
Leompyia = %Rn (Zl) -1 (12)

where 7 is the ratio between the specific heat at constant pressure and specific heat at
constant volume, R is the hydrogen gas constant, T; is the hydrogen inlet temperature
(assumed in equilibrium with the surrounding environment), p; is the hydrogen inlet
pressure (py,rp for the LP compressor and p;;p for the HP compressor) and p; is the
hydrogen outlet pressure (p,,rp for the LP compressor and p; pp for the HP compressor).
Peomp,j was constrained not to exceed the power load range (Equation (13)).

kZCmpj Dcomp]'(scomp,j(t) < pcomp,j(t) < k3wmpj Dcompjécomp,ja) (13)
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whereky_ . b is the lower limit for compressor load, k3comp; is the upper limit for compressor

load, Dwmp]. is the compressor installed power, and 5Cgm,,]. are the binary variables that
define the on/off status of the compressors.

3.1.6. Hydrogen Storage Systems

Hydrogen is stored in compressed form at 300 bar (LP) or at 820 bar (HP). The
hydrogen storage systems are described by Equations (14) to (17):

HSLp(t) = HSLp(t - 1) + HLP(t) - Hsteel(t) - HHP(t) (14)
Hs,,, (t) = Hsy,, (t — 1) + Hyp(t) — Hygrs(t) (15)

k1, -Ds; < Hs, (1) < ko, “Ds, (16)

Hs,(0) = Hs, (tyin ) (17)

where Hg, (t) is the hydrogen mass stored in the storage system, Hye (t) is the hydrogen
mass flowrate flowing to the steel plant, Hyrg(t) is the hydrogen mass flowrate directed to
the HRS. Dy, is the storage system design capacity, and klsj and kZSj are the lower and the

upper limit for the storage system, respectively. It is set so that the hydrogen mass stored at
the first-time step of the optimization is equal to the hydrogen mass stored at the last time
step (Equation (17)).

3.1.7. Hydrogen Refueling Station

The HRS is assumed to be installed after the HP hydrogen storage to refuel the cars
of the port fleet. For each vehicle of the fleet, the number of days At,,r (days) after which
hydrogen refueling is required is determined as shown in Equation (18):

o‘tank'MHZ,tank
fkm 'dduy

where ;. is the maximum hydrogen consumption before refueling, expressed as a
percentage of the total mass capacity My sy, Of the hydrogen tank. fi,, indicates the
hydrogen consumption per km and d,,, is the distance covered in one day by a car.

The number of cars refueled per day is determined, assuming that refueling is possible
only from Monday to Friday every week. Given the hydrogen consumption and the tank
capacity of each car, the number of refuelings per day is two. As for the dispenser of the
HRS, it is assumed that a single dispenser could supply about 50 kg/day, corresponding
to the refueling of ten cars per day. During refilling, each dispenser has a hydrogen mass
flow rate (11, 1) evaluated as shown in Equation (19) and constrained not to exceed the
maximum hydrogen flowrate during a refilling (md, Hzrmﬂx) (Equation (20)).

Atref = (18)

Ktank 'MHZ,tank

19
tref ( )

Mg H2 =

Mg o < Mg {2 max (20)

where t,,f is the refueling time. Mg H2,max 1S defined in accordance with the refueling
protocol SAE-J2601 [22]. The latter also requires that a refrigeration unit is encompassed
in the system in order to avoid possible safety issues related to the increase of hydrogen
temperature during refueling.
The power required for the refrigeration of hydrogen (Py,) is determined as
in Equation (21):
Hj(t)' (hstoruge - hdispenser)
Prefr(t) = coP (21)
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where hstorqge is the hydrogen enthalpy at HP storage, and hyjspenser is the hydrogen enthalpy
at the dispenser, both determined according to CoolProp libraries [24,25] as a function of
hydrogen pressure and temperature. COP indicates the coefficient of performance of the
refrigeration unit.

3.2. Objective Functions

Multi-objective optimization was performed using the MILP solver Gurobi Optimizer
to determine the best D&O of the proposed hydrogen system [26]. A blended objectives
method was adopted, considering a linear combination of the objective functions, each
with a fixed weight [22].

In this work, two objective functions were specified, namely LCOH (f; in Equation (22))
and COy ¢; emissions (f in Equation (23)). To obtain the blend of the two objective functions,
the emissions of CO,,,; were introduced as a cost in the f1 > (Equation (24)) by imposing a
cost for tons of CO2,eq emitted, i.e., a carbon tax, as the weight w; of the function f,. This
is a strategy adopted by several authors in the energy field to evaluate the environmental
impacts of energy systems, for example, by [27]. It should be noticed that in Italy no carbon
tax is set yet, hence the value of w, was set to 50 €/tcop,eq according to the average values
for Europe and the 2030 projections for effective carbon rates in OECD countries [28,29].
The weight of f; (w1) is set equal to 1.

A 1% deviation from the optimal value of the f; ; function is permitted.

f1 = minimize (Levelized Cost Of Hydrogen) (22)
fo = minimize(COy,q emissions) (23)
fiz=wixfitwyxfo (24)

In this case, the CO, ,,; emissions depend only on the carbon intensity of the electrical
grid and are hence calculated by multiplying the grid carbon factor CO,, grip by the power
absorbed from the grid Ply; (t) (Equation (25)).

COzeg = COy, GrID ) (Pegip(1)) (25)

The LCOH is calculated as shown in Equation (26), where Cim,,ﬂj is the annualized
capital cost of the j-th energy conversion or storage unit, Cyep,q; the replacement cost, Cog;

the yearly cost for operation and maintenance of each unit, ¢}z, and c5z;p are the cost of
electricity purchased and sold from/to the grid, respectively.

LDj (Ci”vf‘*i + Crepa; + CO&Mj) +c&rip EPérin(t) — cgrip L Prip ()

LCOH =
HZ,demund

(26)

Equations (27) and (29) report how annualized investment and replacemet costs are
calculated. i is the nominal interest rate,  is the assumed plant lifetime, LT]- is the assumed
lifetime of the j-th unit, Cim,]. is the investment cost for the j-th unit. It is assumed that, at
the end-of-life, the components are replaced with the same capital costs (Equation (27)).
Cog M, are calculated as dependent on the Cim,/uj by the proportionality coefficient cog, M
(Equation (29)).

i(1+4)"
Cinv,aj = 1(1(4_1)11)_1 * Cinvj (27)
(14 1) Cino,
C . 1(1 + l) . invj (28)

rep,aj — i(l T i)n 1 (1 N Z')LTj

CoaM; = co&M; * Ciny, (29)
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4. Results and Discussion

This section presents the parameters and assumptions adopted for the multi-objective
optimization, and the main results of the optimization, which are discussed in the last part
of Section 4.2.

4.1. Parameters and Assumptions of the Optimization Model

Table 1 shows the parameters and assumptions adopted in the model for multi-
objective optimization. The evaluation of the techno-economic performances for the energy
storage and conversion units is a key result of the study, as it is representative of the current
Italian market scenario.

Table 1. Parameters and assumptions considered for the D&O optimization model. Data extracted
and elaborated from [1,10-12,22,28-32].

Pal:::)niilers Value Unit Parameter Description References
PV
Areapy max 24,000 m? Max available surface for PV installation Assumed
coefpy 8 kWp/m? PV power per square meter [30]
1pv 0.2 - Average efficiency [30]
Hinverter 0.95 - Inverter average efficiency [30]
cpy 1000 €/kWp Investment cost [30]
Co&Mpy 1.58 % Operation and maintenance cost [30]
LTpy 15 years PV lifetime [30]
Electrolyzer
LT 0.019 kg /kW Coefficient of proportionality [1,10]
K2, et 0.2 - Lower power load limit [1,10]
LI 1 - Upper power load limit [1,10]
Colect 2000 €/kW Investment cost [1,10]
CO&M,pe 2.00 Y% Operation and maintenance cost [11,12]
LT, 00t 15 years Electrolyzer lifetime [1,10]
Compression station
k2 compy p 0.2 - Lower load limit of LP compressor Assumed
K3 comp, p 1 - Upper load limit of LP compressor Assumed
K2 comppp 0.2 - Lower load limit of HP compressor Assumed
K3 comppyp 1 - Upper load limit of HP compressor Assumed
Y 14 - H, specific heat ratio Assumed
R 412 H, gas constant Assumed
T 25 °C H, inlet temperature of LP/HP compressors Assumed
p1,LP 300 bar Hy inlet pressure of LP compressor Assumed
P1,HP 820 bar H, inlet pressure of HP compressor [11,12]
P2,LP 30 bar H, outlet pressure of LP compressor [1,10]
P2,HP 300 bar Hy; outlet pressure of LP compressor Assumed
Hmech 98 Y% Mechanical efficiency [11,12]
Mis 80 % Isentropic efficiency [11,12]
el 96 Y% Electric efficiency of the engine [11,12]
Ceompyp 7000 €/kW Investment cost of LP compressor [11,12]
Ceompyyp 7000 €/kW Investment cost of HP compressor [11,12]
CO&Meomp. p 8.00 % Operation and maintenance cost of LP compressor [11,12]
CO&Meomp_pip 8.00 % Operation and maintenance cost of HP compressor [11,12]
LTcompyp 20 years LP compressor lifetime [11,12]
LTcompyp 20 years HP compressor lifetime [11,12]
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Table 1. Cont.

Palr\:?ndeetlers Value Unit Parameter Description References
H, storage systems
Csp 1500 €/kgm Investment cost of the low-pressure H; storage [1,10]
CSpp 1500 €/kgm Investment cost of the high-pressure H, storage [1,10]
Co&Ms, , 0 % Operation and maintenance cost of the LP H; storage [11,12]
Co&Ms,,, 0 Y% Operation and maintenance cost of the HP H, storage [11,12]
LTs,, 25 years LP H, storage lifetime [1,10]
LTs,,, 25 years HP H, storage lifetime [1,10]
H; refueling station
M2 tank 5 kg Total mass capacity of the onboard H, tank [11,12]
Aiay 30 km/day Distance covered in one day per car Assumed
fiem 0.01 kg /km H; consumption per km Assumed
Ktank 80 % Max H; consumption before refueling Assumed
tref 5 min Refueling time [11,12]
MH2, max 60 gH2/s H, mass flow rate [22]
copr 1 - Coefficient of performance [12]
Cdispenser 270,000 €/unit Investment cost of the dispenser [31]
Crefrig 5374 €/kW Investment cost of the cooling system [11,12]
CO&Mgispenser 3.00 Y% Operation and maintenance cost of the dispenser [11,12]
CO&M,, rig 3.00 % Operation and maintenance cost of the cooling system [11,12]
LTispenser 10 years Dispenser lifetime [11,12]
LT e trig 15 years Cooling system lifetime [11,12]
Others
ctrip 0.12 € Cost of the electricity purchased from the grid [32]
CGRID 0.05 € Cost of the electricity sold to the grid [32]
wy 50 €/tcon,eq Carbon tax [28,29]
n 25 years Plant lifetime Assumed
i 5 Y% Nominal interest rate Assumed

4.2. Main Results of the D&O Optimization

The multi-objective optimization was performed for two energy system scenarios:
the first one (Scenario 1) considers only the hydrogen demand of the steel production
plant (Hgeer), the second one (Scenario 2) considers the hydrogen demand of both the
steel production plant and the HRS (Hg,,; + Hyrs). The results of the multi-objective
optimization are shown in Tables 2 and 3. The corresponding f; values (Equation (22)) are
reported in the “LCOH” columns. The optimal values of f; » (Equation (24)) are reported
in the “LCOH*” column. The results in Table 2 report the design values of the energy
conversion and storage units, the LCOH (considering/not considering the cost of related
COy,; emissions) and the CO, ¢, emissions per kg of the produced hydrogen. This last
parameter strongly depends on the Italian grid energy mix and on the amount of power
taken from the grid. In fact, the high values of CO; ¢, obtained in the Scenario 1 and Scenario 2
optimizations are due to the large amount of energy purchased from the grid (340 MWh and
315 MWh, respectively, for Scenario 1 and 2). In Scenario 1, the electrolyzer results are to be
designed for operating at the rated power over the year, providing hydrogen directly to the
steel plant (constant hydrogen demand), without the need for a hydrogen storage system. In
this case, the PV plant has power production during winter in line with the power demand
profile of the hydrogen production plant. During the summer season, the exceeding power
generated by the PV plant is sold to the grid, while during the winter season, the PV power
is not sufficient to power the electrolyzer and electricity is purchased from the grid. As
a consequence, the produced hydrogen results have CO; ¢, emissions comparable with
the ones of grey hydrogen produced via SMR (about 10 kgCO, ¢q/kgm2) [1]. Differently,
lower CO,,; emissions can be achieved in Scenario 2, thanks to the increased installed
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power. Indeed, the PV-Electrolyzer power ratio is 3.83 for Scenario 2, while in Scenario 1,
it is equal to 3.25. For Scenario 2, hydrogen storage systems are required for both LP and
HP hydrogen storage systems. The HP storage system is required to provide hydrogen for
the cars without increasing the electrolyzer rated power. The LP storage system allows the
storage of the surplus hydrogen produced during daylight hours.

Table 2. Results of the D&O optimization for the two energy system scenarios.

Scenario Dpy Detect Deompyp Deompiir Ds,, Ds,, LCOH LCOH* CO2
(kWp) (kW) (kW) (kW) (kg) (ks)  (€/kg)  (€/kg)  (kg/kgm)
182 56 4.29 - 0 - 7.03 7.52 9.75
2 341 89 6.82 0.73 10 7 7.41 7.80 7.70
Table 3. Results of the D&O optimization for the two energy system scenarios, with a fixed value of
the PV power installed.
Scenario Dpy Detect DCU’”PLP DCDWZPHP DSLP DSHP LCOH LCOH* COZ,M
(Wp) (kW) (kW) (kW) (kg) (ke)  (€/kg)  (€/kg)  (kg/kgm,)
1 500 56 4.29 - 0 - 7.61 8.04 8.58
1 1000 75 5.73 - 9 - 8.92 9.22 6.07
1 2000 89 6.81 - 23 - 11.55 11.75 4.04
1 3000 100 7.69 - 23 - 14.08 14.21 2.58
2 500 93 7.13 0.85 11 6 7.66 8.00 6.74
2 1000 103 7.88 0.85 16 6 8.65 8.90 5.00
2 2000 121 9.24 0.85 25 6 10.81 10.95 2.75
2 3000 119 9.18 0.85 26 6 12.94 13.07 2.54

Table 3 reports the results of D&O optimization with a fixed value for Dpy, i.e., a set
design for the PV plant. Four sizes of PV were considered: 500 kWp, 1000 kWp, 2000 kWp
and 3000 kWp. As reported in Table 3, the increase of PV rated power causes a reduction of
CO;,¢; emissions and an increase in LCOH* with respect to the result reported in Table 2.
For both Scenario 1 and Scenario 2, the electrolyzer rated power tends not to increase with the
increase in PV installed. In fact, the PV-Electrolyzer power ratio increases with the increase
of the PV rated power (from 8.9 to 30 for Scenario 1, from 5.3 to 25 for Scenario 2), while the
electrolyzer utilization factor, i.e., the ratio between the electrolyzer energy demand over
the year and its rated power, tends to decrease with an increase of the LP storage system
capacity. It should be noted that by increasing the penetration of RES in the grid energy
mix, the carbon impact of hydrogen production may be lower. For example, the CO,
emissions could change in the future by modifying the contract with the distributor, i.e.,
purchasing “cleaner” power from the grid. Another way to approach the zero-emissions
hydrogen production is to increase both the power installed for the PV and the electrolyzer
and the capacity of the hydrogen storage. In this way, it could be possible to decrease the
amount of electricity purchased from the grid, even though this may not be convenient in
energy and economic terms. In fact, electrolyzers, compressors and storage systems would
be oversized, resulting in lower utilization factors and higher costs.

Figure 2 shows the results of D&O optimization for Scenario 1 (Figure 2a,b) and
Scenario 2 (Figure 2¢,d). Power flows at the EMS level are shown for both scenarios during
a typical winter day (15th January) and a typical summer day (15th July), while duration
curves for the optimal plant operation over the whole year are reported in Figure 3.
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Figure 2. Results of D&O optimization for Scenario 1 (a,b) and for Scenario 2 (c,d). Power flows at the
EMS level are shown for a typical winter day (15th January) and for a typical summer day (15th July).
The solid yellow curves are the power produced by the PV power plant, the dashed yellow curves
are the power sold to the grid, the solid grey curves are the power purchased from the grid and the
dashed blue curves are the power required by the electrolyzer. The dashed orange lines represent the
power demand of both the LP and HP compressors.

(a) (b)

Figure 3. Duration curves of the power demand and supply for Scenario 1 (a) and Scenario 2 (b). The
solid yellow curves are the power produced by the PV power plant, the dashed yellow curves are the
power sold to the grid, the solid grey curves are the power purchased from the grid and the dashed
blue curves are the power required by the electrolyzer. The dashed orange lines represent the power
demand of both the LP and HP compressors.

From Figure 2, it emerges that for both Scenario 1 and Scenario 2, the power produced
by the PV power plant (solid yellow curves) in the two typical days is considerably different
due to the relevant variation of the solar irradiance during the year. This also reflects on the
different profiles of the power sold to the grid (dashed yellow curves), which is practically
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null during the winter season. On the contrary, the power purchased from the grid (solid
grey curves) and the power required by the electrolyzer (dashed blue curves) has similar
profiles in the summer and winter days. Indeed, electrolyzer is designed to be optimally
coupled with PV power produced in the winter season. Looking at Figure 3, it can be
noticed that the utilization factor of the electrolyzer is 8580 hours for Scenario 1 (Figure 3a)
and 6315 hours for Scenario 2 (Figure 3b). From Figure 3, it can also be retrieved that the
amount of energy purchased from the grid (area under the grey, solid lines in Figure 3) is
higher for Scenario 1 than for Scenario 2, given the lower availability of energy from the PV
plant in the first case (182 kW, installed power) with respect to the second case (341 kW,
installed power).

By considering the hydrogen demand for the steel production plant to be fulfilled
by grey hydrogen (i.e., produced via SMR), it the amount of avoided CO, ., emissions is
estimated. According to the current European grey hydrogen production technologies, the
carbon impact per kg of grey hydrogen (normally used as industrial feedstock) is about
10 kg of COz ¢4 [1]. As for the car fleet, assuming a CO, ¢, emission factor of 149 COy ¢/ km
(calculated as the average emission factor of Euro 2, 3, 4, 5 and 6 vehicles classes), it results
in an overall amount of CO, ¢; emissions of the current car fleet of about 33 tonCO; ., / year,
which could be avoided by substituting diesel-fueled vehicles with FCHV [33,34]. With
the set optimization parameters, the reduction of CO, ¢; emissions of Scenario 1 could be
relevant with the increase in the PV rated power, i.e., by increasing the LCOH. For example,
with a 1 MWp PV plant, about 50 t0nCO,;/year emissions could be avoided. Similar
considerations can be made for Scenario 2, where a 1 MWp PV plant would allow 77 tons of
CO3,¢4 emissions reduction. If hydrogen demand were to be met with 100% green hydrogen,
about 120 tons of CO,,; emissions could be saved each year for the only steel plant
(Scenario 1).

In general, if low carbon impact needs to be achieved, it should be met a compromise
with the production cost. The latter could be reduced either by increasing the production
of hydrogen during the time period with high availability of RES or by modifying the
purchasing contract with the grid (e.g., imposing a higher RES share). The potential
decarbonization of industrial and mobility sectors depends on the cost that users are
willing to accept for reaching an environmental target.

The results could be different if a power demand of the port industrial area was
considered, as in this case, part of the PV power could directly cover part of the electricity
demand. However, the electricity self-consumption may result in greater decarbonization
of the industrial plant and an increase in revenues for the power produced by the PV
plant. In addition, the oxygen recovery could also reduce the cost of green hydrogen,
providing new revenue for the hydrogen system. Assuming a price of gaseous oxygen
varying between 1 and 7 €/kg O, [35], the oxygen recovery could provide an additional
profit in a range between 120 and 820 k€/year.

5. Conclusions

This study proposes a multi-objective optimization model to define the optimal D&O
of a hydrogen production system in techno-economic and environmental terms. The
LCOH is evaluated for two proposed scenarios in a typical Italian port area, considering
the hydrogen demand of a steel plant and the combination of both the steel plant and
HRS hydrogen demand. Taking into account the cost of the related carbon impact in
hydrogen production, the LCOH* results are approximately 7.52 €/kgp, for Scenario 1, and
7.80 €/kgp, for Scenario 2. The hydrogen production cost could decrease with the reduction
of hydrogen technologies (electrolyzer, compressors and storage systems) costs or with an
increase in the price of electricity produced from PV and sold to the grid. The potential
decrease of carbon impact depends on the PV and electrolyzer rated powers and the
capacity of hydrogen storage systems. As for the proposed energy system configurations,
the reduction of carbon impact is between 3 and 89 tons of CO, ,; emissions avoided per
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year for Scenario 1, and between 35 and 114 tons of CO, ¢, emissions avoided per year for
Scenario 2.

A higher carbon tax could be considered for further analysis. It should be noted that,
taking into account the cost for CO, ,; emissions of the existing applications, the revenues
provided from the avoided emissions may be relevant and could entail increased power for
the PV plant or a reduced utilization factor of the electrolyzer. However, these applications
are now excluded from this type of taxation. Environmental bonuses could encourage
the substitution of diesel cars with an FCHV or the substitution of grey hydrogen with
green hydrogen in steel plants. In addition, further analysis could consider the recovery of
oxygen produced by the electrolyzer. In fact, the recovered oxygen could contribute to the
decarbonization of steel plants when replacing the oxygen currently used and commonly
produced by air separation plants.

The proposed analysis has general validity, and it is useful not only for the design and
for the operation of the specific hydrogen system considered in this study but also for other
industrial areas.

Further analyses could extend the use of hydrogen to other vehicles (e.g., cargo
handling equipment and ships) or industrial users (e.g., chemical plants) in port areas.
The uncertainty analysis on whether and how the optimization results are affected by
stochastic input parameters, such as the cost of electricity and of equipment, could also be
investigated in future insights.
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