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� 32 optimization runs are performed under different cost and emission scenarios.
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a b s t r a c t

This article discusses possible strategies for decarbonizing the energy systems of an

existing port. The approach consists in creating a complete superstructure that includes

the use of renewable and fossil energy sources, the import or local production of hydrogen,

vehicles and other equipment powered by Diesel, electricity or hydrogen and the associ-

ated refuelling and storage units. Two substructures are then identified, one including all

these options, the other considering also the addition of the energy demand of an adjacent

steel industry. The goal is to select from each of these two substructures the most cost-

effective configurations for 2030 and 2050 that meet the emission targets for those years

under different cost scenarios for the energy sources and conversion/storage units, ob-

tained from the most reliable forecasts found in the literature. To this end, the minimum

total cost of all the energy conversion and storage units plus the associated infrastructures

is sought by setting up a Mixed Integer Linear Programming optimization problem, where

integer variables handle the inclusion of the different generation and storage units and

their activation in the operational phases. The comprehensive picture of possible solutions

set allows identifying which options can most realistically be realized in the years to come

in relation to the different assumed cost scenarios. Optimization results related to the

scenario projected to 2030 indicate the key role played by Diesel hybrid and electric sys-

tems, while considering the most stringent, or much more stringent, scenarios for
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emissions in 2050, almost all vehicles energy demand and industry hydrogen demand is

met by hydrogen imported as ammonia by ship.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

Nowadays the reduction of greenhouse gas emissions is an

overriding objective to bound the global temperature increase

to 1.5 �C [1]. The achievement of this goal demands for amajor

transition in just a few decades by acting not only on the en-

ergy sector, but also on transportation and industrial pro-

duction chains. Industrial Port Areas (IPAs) are energy-

demanding centres. IPAs represent central hubs that facilitate

seaborne trade [2], with transport of goods and rawmaterials,

and usually host processing industries that take advantage of

the direct commodities supply and strategic position [3].

However, the operation of IPAs is responsible for large

amounts of pollutant and greenhouse gas emissions (e.g.,

carbon dioxide (CO2), nitrogen oxides (NOX), sulphur oxides

(SOX), particulate matter etc.). The sources of emissions in

IPAs operation can be summarized as: (i) fleets of vehicles for

cargo handling and goods movement ranging from yard

tractors, reach stackers, forklifts, cranes, trains, etc. [4], (ii)

process industries close to the port area (e.g., chemical in-

dustries, steel production plants [3,5]), (iii) heating, ventilation

and air conditioning systems of the buildings andwarehouses

[6], (iv) ships that keep their engines idling when they are

docked to generate electricity for onboard living systems [7].

In addition, more than 90% of ports is in the proximity of

city areas and therefore ports have a significant environ-

mental impact locally, posing serious risks for the health of

people living in the surrounding areas [8]. Projections to 2050

estimate that ports will generate about 70 million tons of CO2

and 1.3 million tons of NOX [2]. Hence, to limit the environ-

mental and health impact of IPAs, the decarbonization of port

energy systems, port fleet vehicles and industries in the sur-

roundings is crucial. The decarbonization of such systems is a

complex issue, and the main strategies to address it are:

1) electrification and automation of equipment and vehicles;

2) renewable energy systems and associated smart grids, use

of alternative fuels as hydrogen (H2) and ammonia (NH3);

3) increase of energy efficiency of machinery and buildings;

4) cold ironing [9].

The attention here is on items 1) and 2).

Electrification and hybridization of cargo handling equip-

ment and vehicles are attractive options to reduce local

pollutant and greenhouse gases emission in themedium term

[10]. In their recent review article, Cunanan et al. [11] exam-

ined the suitability of diesel, battery electric, and hybrid H2

powertrains for heavy-duty vehicle applications. The authors

provided a comprehensive comparison of these powertrains,

taking into account their working mechanisms, performance

metrics, and recent advancements, and highlighting their
strengths and limitations. Kim et al. [12] performed a

comparative life-cycle analysis of Diesel and electric yard

tractors in the Port of Los Angeles (USA), establishing that the

electrification of half of the yard tractor fleet could lower the

emissions by up to about 60%. Hong-Lei et al. [13] demon-

strated by a numeric simulation that the replacement of a

traditional Diesel crane with a hybrid electric rubber-tired

gantry crane results in a 70% savings of CO2 emissions. Ilio et

al. [14] designed a fuel-cell hybrid battery for a H2-fuelled yard

truck, used in cargo handling port operations, with the aim of

obtaining zero local CO2 emissions from this vehicle. Dens-

berger and Bachkar [15] conducted a review about the decar-

bonization of ports with a particular emphasis on the

adoption of zero-emissions cargo handling equipment in the

ports of Los Angeles and Long Beach (USA).

On the other hand, several studies in the literature dealt

with the use of RES and smart grids in ports, showing that they

could not only improve the environmental performance of

port systems but also the economic cost savings [16e18].

Ahamad et al. [16] found that RES-based smart grids could

reduce the port environmental impact and 75% RES share

could be achieved by using existing power and energy storage

technologies in the Port of Copenhagen (DK). Wang et al. [17]

addressed the design and operation optimization of micro-

grids in ports, by considering the exploitation of multiple RES

distributed within the microgrids. Prousalidis et al. [18] pro-

posed the creation of a smart energy system in port efficiently

matching RES production with cold-ironing power demand.

Geerlings et al. [19] investigated the beneficial effects of effi-

cient scheduling of port activities to minimize peaks of the

energy demands and, in turn, reduce the required generation

power to be installed. Results show that by optimally sched-

uling the ship-to-shore crane operations, up to 50% of the

peak demand can be reduced, with a consequent decrease in

the total peak-related costs of about 48%. In recent years, the

use of alternative fuels and energy carriers is gaining a

growing interest. In particular, the so-called green H2, i.e., H2

generated via electrolysis powered by renewable electric en-

ergy, seems to be a promising option for decarbonization [20].

Indeed, H2 could be used not only to decarbonize heavy-duty

vehicles for cargo handling in the port [14], but also to achieve

zero emission shipping [21e24] and make hard-to-abate in-

dustrial processes more environmentally friendly [20].

Furthermore, green H2 allows to overcome the limitations of

intermittent RES (e.g., solar, wind) by its storage in com-

pressed or liquefied form [25]. Thus, IPAs could become sites

of energy and H2 production, storage and exchange, i.e., real

smart energy hubs [26]. Regarding transportation, H2 can be

delivered by trucks (till 300e500 km) and ships (4000e9000 km)

for short and long distances, respectively. The transportation

of H2 by ships requires its liquefaction or conversion into NH3.

Mallouppas et al. [27] highlighted that NH3 is a promising
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solution as direct or indirect H2 carrier, and its share in the

fuel mix of the maritime sector could rise from 7% in 2030 to

20e25% in 2050. As reported in Ref. [28], 45% of the tradedH2 in

2050 will be transported as NH3 by ships, without requiring a

final reconversion to H2 in the case NH3 is used as chemical

feedstock or fuel (e.g., for the maritime and aviation sectors).

In fact, shipping NH3 is less expensive than shipping liquified

H2 (LH2) given the higher density, the simpler conditions for

storage, and the lower price of NH3 due to the availability of

already existing infrastructures. On the other hand, shipping

LH2 could be more advantageous in case of short distances of

transportation by ship (for 4000 km and where pipelines are

not an option) [29]. Another way to transport and use LH2

could be using innovative swapable containers as in the case

of the sHYpS project, where these containers are used for ship

propulsion [30].

The literature review about decarbonization strategies 1)

and 2) highlights the positive environmental effects of using

renewable energy in powering hybrid and electric cargo

handling equipment and vehicles. Nevertheless, to the best of

the authors’ knowledge, no studies in the literature consider

both the various powertrain options for these equipment/ve-

hicles and the infrastructure for their optimal management.

This paper deals with all these aspects in an IPA located in the

Northern Italy, including the possibility of generating H2

locally, or importing it by ship and consuming it either in the

port vehicles fleet or in any adjacent industry. A “super-

structure” is so created that includes all the alternative/com-

plementary proposed solutions for the energy systems of the

port, consisting in:

(i) the exploitation of solar and wind energy for electricity

generation and storage;

(ii) the import of grey and green H2 (LH2 or NH3 by ships,

and gaseous H2 (GH2) by trucks), the production of and

storage of green H2, and the use of both green and grey

H2 for mobility and industrial applications;

(iii) the alternative options for mobility: Hybrid Diesel,

electric and H2 fuelled vehicles, integrated with all their

refuelling/charging stations and infrastructures.

The goal is to “extract” from the superstructure the most

cost-effective configuration of the port energy systems for

different possible levels of carbon dioxide equivalent (CO2,eq)

emissions that might be imposed by environmental regula-

tions. These emissions are calculated by considering the

global warming potential over 100 years of gases emitted

directly or indirectly from the use of energy sources.

The optimal configuration in terms of cost comprises:

a. the design and operation of the energy conversion and

storage units that fulfil the energy and H2 demands of the

port vehicles and any possible H2 demand of the nearby

steel industry.

b. the set of powertrains of the port fleet vehicles.

c. the amount of imported H2 as LH2 or NH3.

A Mixed Integer Linear Programming (MILP) design-opera-

tion optimization problem is set up based on one-year opera-

tion of the port. The problem is solved considering two main
substructures: one including the energy demand of both in-

dustry and port vehicles/equipment, the other one including

only the energy demand of port vehicles/equipment.

For both substructures, the total capital and operating

costs of the IPA's energy conversion and storage systems with

related infrastructure, are minimized for different scenarios

of emission targets and costs in 2030 and 2050. The projected

values in those years for the costs of all energy conversion and

storage units and infrastructure, and for the prices of im-

ported H2 are used as input values. The possible deviations in

the costs of electric vehicles and charging stations from those

projected are considered to account for additional market

uncertainties.

The total thirty-two optimization runs aim at providing a

comprehensive picture of the possible evolution of the energy

conversion and storage systems configurations in the IPA, still

not existing in the present literature.
Energy system description

The Port of Trieste, an Italian port located in North-Adriatic

Sea, is here considered as a case study. This work analyses the

real number of port cargo handling equipment and vehicles

operating in the considered port, which is representative of a

medium-size container port with a yearly cargo capacity of

about 1 million TEU (Twenty-foot Equivalent Unit). Yearly fuel

demand and characteristics of port cargo handling equipment

and vehicles fleet are estimated from data collected in Ref. [6].

The Industrial Port Area (IPA) under analysis evaluates two

energy demands, i.e., the energy demand of the port equip-

ment and vehicles and the H2 demand of an industry oper-

ating in the port area. This study does not consider other

energy requirements such as those for buildings, warehouses,

lighting systems, and cold ironing infrastructure.While power

demand of buildings, warehouses, and lighting systems has a

low impact on the total emissions of the port, the use of cold

ironing, which involves supplying electrical power to ships

while they are docked, has the potential to significantly

reduce emissions in ports. However, implementing cold

ironing can be expensive and requires a substantial increase

in the grid capacity of the port [31]. In situations where the

national power grid cannot meet the demand for cold ironing,

new renewable power plants should be built locally. Photo-

voltaic and hydrogen-to-power solutions may be viable op-

tions, but their implementation is usually limited by factors

such as the available surface area for installation and the high

cost of stationary fuel cells. These limitations and un-

certainties make cold ironing a decarbonization strategy that

is not among the first to be easily implemented and, as such, is

not considered in this paper.

In this Section, the existing and the new energy conversion

and storage units are listed and the analytical relationships

describing the energy flow entering and outgoing from each

unit are introduced.

The schematic of Fig. 1 shows the layout of the energy

system. Arrows of different colour identify the flows of H2

(blue lines), electric power (green lines), solar/wind power

(yellow lines) and Diesel (black lines). Dashed lines mark the

whole system boundaries (black dashed lines), the H2/energy

https://doi.org/10.1016/j.ijhydene.2023.07.008
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Fig. 1 e Layout of the IPA energy system. Arrows identify the flows of H2 (blue), electric power (green), solar/wind power

(yellow) and Diesel (black). Dashed lines are the boundaries of the whole system optimization model (black), available

renewable energy sources (yellow) and H2/energy user units (blue). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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user units (blue dashed lines) and the available renewable

energy sources (yellow dashed lines).

Starting from the upper left side of Fig. 1, solar and wind

energy available at the selected location could be exploited by

the PhotoVoltaic (PV) power plant and Wind Turbines (WT),

respectively. Electricpower fromRESand/orpurchased fromthe

electric grid is directed to the energymanagement system that,

in turn,dispatches thepowereither outwards theelectric gridor

inwards the stationary Li-ion electric storage system, and/or

port electric users. These are the electric charging stations for

the electric vehicle fleet, the Proton Exchange Membrane Elec-

trolyzer (PEME) for H2 local production bywater electrolysis, the

H2 compression station at two pressure levels equipped with

two-stage reciprocating compressors, and the Hydrogen Refu-

elling Station (HRS) for the vehicles and equipment fleet.

The HRS includes a dispenser (its electric consumption is

neglected) and a refrigeration unit that cools the H2 during the

operations of vehicle tank refuelling. The cooling ensures the

full filling of the on-board vehicle tanks and avoids safety

hazards (referring to the standard SAE-J2601 [32]).
As for PEME, neither the water consumption, nor the uti-

lisation of oxygen produced via water electrolysis are

accounted in the cost analysis because of the low cost of water

[33], the low price of oxygen for industrial use and the absence

of a mature market for oxygen produced from RES [34]. H2

could be also imported via truck in gaseous form (GH2), or via

ship in liquid form as LH2 or NH3. The cost and carbon impact

of imported H2 include the production, fuel-processing, and

transport.

Two energy demands (circled by blue dashed lines) are

considered: the energy demand of the port vehicles and equip-

ment, consisting in cars, forklifts, cranes, yard tractors and

reach stackers, and the hydrogen demand of a steel industry

operating in the port area. The former could be supplied by a

combination of Diesel, electricity and/or hydrogen, depending

on thetypeofpowertrainchosenforeach typeofequipmentand

vehicles, as detailed in Section Modelling and optimization.

In the following, Section Energy inputs introduces the

external energy inputs of the IPA. Section Energy and

hydrogen demands presents the H2/energy demands.

https://doi.org/10.1016/j.ijhydene.2023.07.008
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Definition of energy and market scenarios illustrates the four

future energy scenarios simulated in the analysis differing in

CO2,eq emission reduction, cost of H2 imported and cost of

electric equipment and vehicles.

Energy inputs

The external inputs to the IPA are the electricity from the grid,

the H2 import, the RES exploited (i.e., wind and solar energy)

and the import of Diesel oil. A more detailed description of

these energy inputs follows:

Electricity
The IPA can purchase and sell electricity from and to the na-

tional power grid. The power capacity of national power grid is

assumed to be infinite both for the import and export, and

power losses due to the power transfer to/from the port in-

ternal grid are neglected. The carbon footprint of the power

purchased from the national grid is evaluated at hourly basis

according to the Italianmarket scenario in 2019 [35]. It spans a

range between 141 and 475 gCO2,eq/kWh due to variation of

the power production mix in Italy and the import/export of

power. The electricity purchase prices in 2030 and 2050 are

estimated to be about 7 and 8 cV/kWh, while the selling price

of power produced by local RES is estimated to be about 6 cV/

kWh in both 2030 and 2050 [36].

Hydrogen import sources
It is assumed that H2 could be delivered to the port via trucks

or ships. Three external H2 supply sources are considered:

Gaseous Hydrogen (GH2) imported via trucks, Liquid Hydrogen

(LH2) via ships and liquid ammonia (NH3) via ships. It is

assumed that GH2 is produced by steam methane reforming

with a fixed cost of about 2 V/kgH2 and transported for a

relatively short distance (~500 km), corresponding to a carbon

footprint of about 10 kgCO2,eq/kgH2 [37]. As for the import of LH2

and NH3 via ships, a prediction of cost and carbon footprint

(expressed as kgCO2,eq per kg of H2) in 2030 and 2050 is pro-

vided from data available in the literature, as detailed in the

Supplementary Material.

The imported H2 enters the control system at 30 bar, is

compressed up to 300 bar by the Low-Pressure (LP) compressor

and then stored in the LP tank. The 300 bar pressure level is a

good compromise between cost and volume of the vessel and

allows the direct transfer of H2 towards the steel plant.

Instead, the H2 for the port equipment and vehicles requires a

further compression up to 820 bar and is stored in the prox-

imity of the refuelling stations. This pressure level guarantees

the refuelling of on-board vehicle tanks to a maximum pres-

sure of about 700 bar by the only pressure difference.

Renewable energy sources
A solar PV power plant and/or WTs provide renewable-based

energy. The size of these plants is consistent with the avail-

able surface in the port of Trieste, i.e., the PV is limited to

20MWof peak power and themaximumnumber ofWTs is 10.

Diesel
The input of Diesel oil powers the fleet of Diesel/hybrid Diesel

equipment and vehicles (i.e., cars, forklifts, reach stackers,
cranes and yard tractors). Both the capital and operating and

maintenance costs of Diesel refuelling stations are neglected,

being considerably lower than the other equipment (a H2

refuelling system is about ten times more expensive) [38].

Energy and hydrogen demands

This Section deals with the energy demand of the IPA, i.e.,

the hydrogen demand of a steel industry located in the vi-

cinity of the port and the energy demand of the cargo

handling equipment and vehicles operating in the Port of

Trieste. These demands are modelled as hourly profiles over

a year and represent input parameters for the optimization

model.

Hydrogen demand of steel industry
Iron and steel industries are responsible for approximately

7e9% of the total global greenhouse gas emissions [39].

Currently, around three-quarters of steel production relies on

coal, whereas the remainder comes from the recycling of

existing steel using electric arc furnaces. Despite improve-

ments in steel production processes, 0.77 tons of coal per ton

of new steel are still required. Compared to the coal-based

steel production processes, the use of H2 allows a remarkable

increase in the energy efficiency of the process. Consequently,

the industry sector is exploring the use of H2 as an alternative

energy source to reduce the environmental impact [39e41].

Full-scale experiments using pure H2 are already underway at

the SSAB steelworks in Sweden. It is estimated that a ton of

finished new steel would require only 3 MWh (about 90 kg of

H2) instead of the 6 MWh of coal-based production processes

[42]. Despite the transitioning to H2 production from RES via

electrolysis or biomass-based processes is costly [39], it can

revolutionize the iron and steel industry and significantly

reduce its impact on the environment.

In this study, a cold rolling plant for steel refining is

considered. It represents a typical case of the so-called hard-

to-abate industry, where the H2 is used as feedstock for the

annealing process in bell furnaces. The plant requires a steady

H2 flow of 1000 t/y at about 10 bar [42e44]. The analysis in this

work evaluates the total or partial replacement of the grey

hydrogen currently usedwith that either imported (via ship or

via truck) or locally produced in the port by RES. The pro-

duction cost of the grey hydrogen (considering the production

via steam methane reforming) is 2 V/kgH2 while the carbon

footprint is 10 kgCO2,eq/kgH2.

Energy demands of port equipment and vehicles (hydrogen,
electricity and Diesel)
The equipment and vehicle types (denoted as v in Section Energy

andmass balances of the total system and Section Powertrain

options for port equipment and vehicles) operating in the port

are cars, forklifts, cranes, yard tractors and reach stackers. In

the baseline scenario, all equipment and vehicles are powered

by Diesel engines. The daily net mechanical energy required

by each unit is estimated starting from the Diesel annual

consumption and assuming a continuous operation during

the year with a typical Diesel engine efficiency. All equipment

and vehicle types include several units that are divided into

different groups and are powered by four possible powertrains

https://doi.org/10.1016/j.ijhydene.2023.07.008
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Table 1 e Number of equipment and vehicles, number of groups, and daily unit energy/fuel demands of each equipment
and vehicle type (rows) and powertrains (columns).

Number of
Equip&veh (�)

Number of
groups (gp)

(�)

Diesel
(lDiesel/day)

Hybrid Diesel
(lDiesel/day)

Hybrid
hydrogen
(kgH2/day)

Electric
energy

(kWh/day)

Car 20 1 4.0 2.8 0.6 5

Forklift 24 2 35.4 24.8 5.0 41

Crane 11 1 318.2 222.8 45.0 677

Yard tractor 132 3 148.5 103.9 21.0 173

Reach stacker 22 1 176.8 106.1 25.0 165
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(named “pt”), i.e., hybrid-hydrogen (i.e., electricmotor fed by a

hydrogen fuelled fuel cell or by a battery, pt ¼ 1), full electric

(i.e., electricmotor fed by a battery, pt¼ 2), Diesel (i.e., internal

combustion engine, pt ¼ 3) and hybrid-Diesel (i.e., electric

motor fed by Diesel internal combustion engine or by a bat-

tery, pt ¼ 4). Note that only the full electric powertrain is a

plug-in solution that absorbs electric power from an external

source; in the other powertrain options the electric energy is

produced on board from the fuel (Diesel or hydrogen). The

conversion efficiency of the powertrain allows calculating the

energy input in terms of the corresponding fuel (daily Diesel

mass and hydrogen mass), while the electrical demand is

assessed on the basis of the performance and characteristics

of existing equipment and vehicles of the different types (cars

[45], forklifts [46], cranes [47], tractors [48,49], and reach

stackers [49,50]).

The choice of the powertrain for the whole car fleet is

treated as a single variable in the optimization model (see

Section Powertrain options for port equipment and vehicles),

i.e., all cars might have Diesel, or hybrid Diesel, or hybrid

hydrogen or full electric powertrains. The simultaneous

presence of two or more powertrains in the car fleet is not

allowed. In this sense, cars represent at most only one group

(index gp), i.e., they share a common powertrain. The same
Fig. 2 e Typical daily charging/refuelling schedule of a single gro

the Diesel refuelled to the Diesel forklifts over the working day

refuelled to hybrid Diesel forklifts, green line (Hydrogen, left axis

line (electric, right axis) represents the power supplied by the e

interpretation of the references to colour in this figure legend, t
model architecture is valid for cranes and reach stackers.

Conversely, forklift and yard tractors fleets are divided into

two and three equinumerous groups, respectively, due to their

higher number. The presence of more than one group for an

equipment and vehicle type means that different powertrains

can be selected for those vehicles (one powertrain for each

group). This choice is a good trade-off between computational

effort and accuracy in assessing the cost and performance of

electric equipment and vehicle charging infrastructure and

hydrogen equipment and vehicle refuelling stations. Table 1

reports the number of vehicles, the number of groups and

the daily energy/fuel demands of each equipment and vehicle

type (rows) and powertrain (columns) combination. Section

Powertrain options for port equipment and vehicles reports

the mathematical formulation that allows the optimizer to

choose the optimal powertrain for each group of equipment and

vehicle type.

It is assumed that each equipment and vehicle is refuelled

or charged once per day, based on a specific schedule that has

been evaluated for each group of equipment and vehicles.

This charging/refuelling schedule ensures that each equip-

ment and vehicle has enough energy to operate throughout

the day. Fig. 2 shows as an example the typical daily charging/

refuelling schedule of a group of forklifts. Blue dotted line
up of forklifts. Blue dotted line (Diesel, left axis) represents

, orange dashed line (Hybrid Diesel, left axis) the Diesel

) the hydrogen refuelled to hybrid hydrogen forklifts. Black

lectric charging station to the battery electric forklifts. (For

he reader is referred to the Web version of this article.)
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(Diesel, left axis) represents the Diesel refuelled to the Diesel

forklifts over the working day, orange dashed line (Hybrid

Diesel, left axis) the Diesel refuelled to hybrid Diesel forklifts,

green line (Hydrogen, left axis) the hydrogen refuelled to hybrid

hydrogen forklifts. Black line (electric, right axis) represents the

power supplied by the electric charging station to the battery

electric forklifts. The integrals of the curves in Fig. 2 are the

daily consumptions of one forklift group, in accordance with

data in Table 1.

Differently from the Diesel refuelling stations, the cost of

electric charging stations for full-electric powertrains is

considered in the optimization model. Electric charging sta-

tions are designed to recharge the battery bank within

approximately 2 h to prevent degradation due to a too rapid

recharge [51]. An electric charging station with one or more

charging connectors is sized according to the number of

equipment and vehicles and the power capacity, and its

technical and economic characteristics are obtained from

commercial technologies [52e54] and costs are reported in

the Supplementary Material. In the example of Fig. 2, for a

group of forklifts (12 vehicles), daily charging schedule is

defined to charge three forklifts simultaneously, six in the

morning and six in the afternoon, in order to maintain con-

tinuity of service.

Equipment and vehicles equipped with hybrid hydrogen

powertrains require Hydrogen Refuelling Stations (HRSs) that

cool down the hydrogen to �40 �C to avoid underfilling of on-

board tanks according to the standard SAE-J2601 [32]. Two

types of HRSs are considered: those for the refuelling of cars
Fig. 3 e Tree diagram for the definition of the ene
and forklifts with a dispensing capacity of 100 kgH2/day and

those for reach stackers, cranes, and yard tractors with a

dispensing capacity of 1200 kgH2/day. Peak hourly capacity of

both types of HRSs is also taken into account in the model in

order not to exceed it [55e57]. In particular, for cars and

forklifts the maximum hourly flow rate (i.e. the hourly

dispensing capacities) of hydrogen dispensed is about 8 kgH2/

h, while for reach stackers, cranes, and yard tractors is about

200 kgH2/h [55e57]. Techno-economic data of HRSs are re-

ported in the SupplementaryMaterial. In the example of Fig. 2,

for a group of forklifts, every 2 h one of them is filled with

hydrogen (5 kgH2).

Diesel and hybrid Diesel equipment and vehicles are

refuelled by Diesel refuelling stations that are already

installed in port areas. In the example of Fig. 2, for a group of

Diesel forklifts, every 2 h one of them is filled with Diesel

(35 kg). Diesel required by the Diesel forklift is higher than that

of hybrid Diesel one (about 25 kg).

Definition of energy and market scenarios

The impact of different decarbonization strategies for the

energy system of the Industrial Port Area (IPA) is assessed by

considering two substructures derived from the superstruc-

ture shown in Fig. 3:

1) The first substructure (“Ind þ Equip&Veh”) considers the

energy demand of both industry and port vehicles/

equipment.
rgy and market frameworks of the analysis.
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2) The second substructure (“Equip&Veh”) only considers the

energy demand of port vehicles/equipment.

For both substructures, different scenarios of emission

targets and costs in 2030 and 2050 are considered. In

particular:

- in 2030 (S2030), emissions are assumed to decrease by 30%

from current values (�30%CO2), and the costs of all energy

conversion and storage units and infrastructures are taken

from literature forecasts (see the Supplementary Material),

as are the prices of imported H2, which are shown as

"highVH200 to highlight their higher values than in 2050.

- in 2050 (S2050), emissions are assumed to decrease by 50%

(�50%CO2) or 80% (�80%CO2) from current values, and the

costs of all energy conversion and storage units and in-

frastructures are still taken from literature forecasts (see

the Supplementary Material), as are the prices of imported

H2, which are shown here as "lowVH200 to highlight their

lower values than in 2030.

The targets of emission reduction are evaluated from the

current value of emissions, which derives from Diesel-fuelled

vehicles and equipment, and from grey H2 imported via trucks

and supplied to industry. The target for 2030 (�30%) is in line

with scenarios proposed in Ref. [58], while two targets for 2050

(�50% and �80%) are chosen to account for the higher un-

certainty associated with a more distant future [1,58].

The scenarios in 2050 include Scenarios S2050/… /highVH2

in which the cost of hydrogen remains the same as in 2030, to

reflect also the uncertainty on the hydrogen cost in future

decades. In both 2030 and 2050, in addition to the options

mentioned above, possible increases in the costs of electric

vehicles and charging stations (þ30%, þ50%, and þ100%) over

those projected were considered in order to assess possible

uncertainties in the costs and performance (e.g., range, bat-

tery capacity degradation, and battery life) of these vehicles.

The total number of optimization runs according to all the

optionsmentionedabove is therefore thirty-two. Fig. 3 showsall

these runs and specifies the phrase used to indicate each sce-

nario. For instance, in the S2030/-30%CO2/highVH2 the input

scenario (S) considers cost data in 2030 (2030), a CO2,eq reduction

target of 30%compared to the current values (�30%CO2) and the

cost of imported hydrogen carriers in that year (highH2).
Modelling and optimization

Mixed Integer NonLinear Programming (MINLP) is a widely

employed method in energy system optimization that best

describes the operation of each energy conversion and storage

unit within the energy system. However, the use of MINLP ap-

proaches can be computationally demanding when dealing

withmacro energy systemcomprisingmultiple interconnected

energy units because of the high number of real and integer

decision variables associated with their design and operation

[59,60]. To address this issue, several authors [61,62] propose to

simplify the MINLP into a MILP approach, in which both non-

linear characteristic curves and constraints associatedwith the

energy units can be linearized without substantial loss of
accuracy [23,60,63,64]. Accordingly, the computational effort

required for the design and operation optimization of the en-

ergy system is significantly reduced. Given the complexity of

the superstructure under analysis (Fig. 1) and the nature of the

optimization problem (dynamic, considering one-year opera-

tion), this work makes use of a MILP approach.

The general MILP optimization problem is formulated as in

Eq. (1) [65]:

min|ffl{zffl}
x;y

�
cTxþdTy

�
s:t: AxþBy¼ bwhere x�02RNx ; y2f0; 1gNy

(1)

in which c and d are the cost arrays associated with the

continuous and binary variables, x and y, respectively; A and B

are the equality constraint matrices and b is the constraint

known term; Nx and Ny indicate the dimension of x and y,

respectively.

The design-operation optimization problem of the energy

system shown in Fig. 1 and is formulated considering the

following objective function, decision variables and

constraints:

- Objective function: the total cost of the system (that is

minimized);

- Decision variables: continuous, integer, and binary vari-

ables associated with the design and operation of the en-

ergy system.

- Constraints: equalities and inequalities associatedwith the

performance and operational limits of the energy conver-

sion and storage units, and the environmental constraint

on the total CO2 emission of the system that must be lower

than or equal to reference values imposed by the

legislation.

The optimization problem is implemented in Python pro-

gramming language [66] and solved with the optimizer Gurobi

[67].

Following, Section Model of energy conversion and storage

units presents the equations and inequalities that describe

the design and operation of the energy system components.

Section Energy and mass balances of the total system in-

troduces the overall energy and mass balances. Section

Powertrain options for port equipment and vehicles focuses

on the selection of the best powertrain option for each type

and group of equipment and vehicles. Section Objective

Function, Decision Variables and CO2,eq Emission Constraint

reports objective function, decision variables and the

constraint that limits the emission of CO2,eq.

Model of energy conversion and storage units

This Section presents the model of the energy system com-

ponents, introducing the equations that describe the design

and operation characteristics of photovoltaic panels (PV),

wind turbines (WT), electrolyzer (PEME), compressors (COMP),

hydrogen refuelling station (HRS), electric storage system

(ESS) and hydrogen storage system (HS). In the following

equations, for the j-th energy component, Dj variables define

the design variables, dj the binary variables identifying the on/

https://doi.org/10.1016/j.ijhydene.2023.07.008
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off status or the inclusion/exclusion, Pj the continuous vari-

ables identifying electric power flows and Hj the continuous

variables identifying the H2 mass flows.

Crystalline silicon PV panels have chosen to be installed on

the roofs of warehouses and buildings in the IPA, as one of the

mainly used PV technologies in both stand-alone and on-grid

system applications.

The hourly power generated over the year by the PVplant is:

PPVðtÞ¼PkWP ðtÞ$DPV (2)

where PkWP
ð kwhe/kWp) is the specific hourly producibility -

i.e., the produced electric energy per kWof peak capacity - and

DPV (kWp) the plant size. PkWP
is evaluated by PVGIS Tool [68],

considering an average hourly solar irradiance and an opti-

mum oriented PV module in Trieste, considering system los-

ses of about 14%. The constraint on the PV plant size due to

the limited available area is:

DPV � APV;max

�
coefPV (3)

where APV;max (m2) is the maximum available area in the port

(160.000 m2) and coefPV (m2/kWp) is the peak power specific

area.

Wind turbines
Sixmodels of horizontal-axisWT are identified for installation

in possible sites of the port area, with rated powers ranging

from 10 kW to 1MW. In the SupplementaryMaterial, Table A.4

reports themain characteristics of the six types of WT chosen

from different commercial applications. A maximum number

of ten WT of the same type is set.

The power Pwi
ðtÞ (kW) generated by a single turbine is

calculated from its power-wind velocity characteristic curve.

In case the wind velocity is not within the vcut;in - vcut;off in-

terval, there is no power generation. The hourly wind velocity

is estimated by PVGIS tool [68].

The total power generated by the wind farm is:

PwðtÞ¼
X
i

dwi
$Pwi

ðtÞ (4)

being dwi
the binary variable identifying the inclusion/exclu-

sion of the i-th WT in the energy system.

Proton Exchange Membrane Electrolyzer
A PEME technology is here selected as technology to be

installed in the IPA to produce H2 via water electrolysis.

Differently from alkaline electrolyzers, PEMEs well bear

intermittent operation, guarantee high purity in the outward

H2 and reach higher efficiency levels. In Eq. (5), the mass flow

rate ( _HLP;elect, kg/h) of H2 produced at 30 bar by the electrolyzer

is defined as function of the power absorbed by the PEME (Pelect,

kW), and a proportionality coefficient (kelect), which is deter-

mined according to the linearization of the performance curve

of a typical PEME at different power load. delect is the binary

variable accounting for the on/off status of the electrolyzer.

The absorbed electric power is constrained in Eq. (6) not to

exceed the power load range. The power bounds are

expressed as percentages kmin elect and kmax elect of the electro-

lyzer nominal power Delect (kW).
_HLP;electðtÞ¼kelect$PelectðtÞ$delectðtÞ (5)

kmin elect $Delect � PelectðtÞ � kmax elect$Delect (6)

Low pressure and high pressure compressors
The compression station makes use of single stage recipro-

cating compressors operating between 30 and 300 bar for the

lower pressure level and between 300 and 820 bar for the

higher one. The advantage of reciprocating compressors

compared to centrifugal ones is three-fold: (i) allow higher

pressure ratios, (ii) are more robust and have longer lifetimes

and (iii) sealings are better suited to the properties of H2 (small

molecule, high diffusivity).

The electric power Pcomp (kW) absorbed by a compressor is

calculated starting from the specific work of the adiabatic

isentropic compression Lcomp;is (kJ/kg)

PcompðtÞ¼ _HðtÞ$ Lcomp;id

his$hmech$hel

$dcompðtÞ (7)

being his and hmech the isentropic efficiency and themechanical

efficiency of the compressor, and hel the efficiency of the

electric motor driving the compressor. dcomp is the binary var-

iable that defines the on/off status of the compressors.

The calculation of the specific work of the adiabatic isen-

tropic compression assumes H2 is approximated to a mon-

oatomic ideal gas and the constant pressure specific heat

capacity cP does not depend on the temperature and is directly

related to the specific gas constant as expressed in Eq. (8).

cP ¼ g

g� 1
$R (8)

Similarly to the electrolyzer, the power of the compressor

is constrained not to exceed the power load range. Where the

power bounds are expressed as percentages kmin comp and

kmax comp of the compressor nominal power Dcomp (kW).

kmin comp$Dcomp � PcompðtÞ � kmax comp$Dcomp (9)

Hydrogen Refuelling Stations
HRS are divided into two types: one dedicated to the refuelling

of light-duty vehicles and one to heavy-duty equipment and

vehicles. The two different types differ only by the maximum

capacity to supply H2 to equipment and vehicles in terms of kg

supplied per hour and per day, and costs. HRS are included in

the energy system when a specific group of hybrid hydrogen

equipment and vehicles is chosen as optimal solution. HP

hydrogen storage supplies H2 to the HRS at 820 bar. This

pressure is high enough such that HRS does not need an

additional compressor unit to supply H2 equipment and ve-

hicles assuming they have an on-board H2 tank operating at

700 bar pressure. Each HRS is equipped with a refrigerator

unit, which cools down the H2 to �40 �C, avoids the heating of

the H2 and, in turn, ensures full fillings of the on-board

equipment and vehicle tanks and avoid safety issues (refer-

ring to the standard SAE-J2601 [32]). The only energy demand

of HRS operation is the electric power Prefr (kW) for the

refrigeration of H2 mass flow rate required by the j-th group of

equipment and vehicles ( _Hj;vehicle, kg/h).

https://doi.org/10.1016/j.ijhydene.2023.07.008
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PrefrðtÞ¼
_Hj;vehicleðtÞ$

�
hstorage � hdispenser

�
COP

(10)

where COP is the coefficient of performance and hstorage and

hdispenser are the H2 enthalpies in the HP storage and at the

dispenser outlet, respectively.

Electric storage system
Stationary Li-ion batteries are used to store electric energy.

They are chosen between other electric storage solutions (e.g.

lead-acid batteries and capacitors) as good compromise be-

tween costs, energy density, voltage fluctuations of the output

power and modularity [69].

The integral form of the electric energy balance at the

electric storage is

EbattðtÞ ¼ Ebattðt�DtÞþhbatt$ P
�
battðt�DtÞDt�ð1=hbattÞ$Pþ

battðt�DtÞDt
(11)

which states that the electric energy in the storage EbattðtÞ
(kWh) at time t is equal to the electric energy in the storage

Ebattðt�DtÞ (kWh) at the preceding time plus/minus the electric

power entering to (P�
batt; kW) or exiting from (Pþ

batt; kW) the

storagemultiplied by the time step (Dt, h). hbatt is the charging/

discharging efficiency.

The electric energy in the storage lies between a minimum

and a maximum state of charge, which are set as percentages

(kmin batt and kmax batt) of the battery design capacity (Dbatt,

kWh).

kmin batt$Dbatt � EbattðtÞ � kmax batt$Dbatt (12)

Moreover, the stored electric energy at the first-time step

must equal that at the end of the simulation period.

Ebattð0Þ¼EbattðtendÞ (13)

Low pressure and high pressure hydrogen storage
The integral form of the mass balance at the LP hydrogen

storage (Eq. (14)) and at the High-Pressure (HP) hydrogen

storage (Eq. (15)) are:

HSLP ðtÞ¼HSLP ðt� DtÞ þ _HinLPðt�DtÞDt� _HoutLPðt�DtÞDt
� _Hout;indðt�DtÞDt

(14)

HSHP ðtÞ¼HSHP ðt� DtÞ þ _HinHPðt�DtÞDt� _Hout;vehicleðt�DtÞDt (15)

which states that themass in the storageHSLP ðtÞ andHSHP ðtÞ (kg)
at time t is equal to the mass in the storage HSLP ðt�DtÞ and

HSHP ðt�DtÞ (kg) at the preceding time plus/minus themass flow

rates entering to ( _HinLP and _HinHP, kg/h) or exiting from ( _HoutLP;

_Hout;ind; _Hout;vehicle; kg=h) the storage multiplied by the time step

(Dt, h).

For both the LP and HP hydrogen storage, the mass in the

storage varies between a minimum and a maximum set as

percentages (kminHS and kmaxHS, %) of the storage design ca-

pacity (DSLP and DSHP , kg) (Eqs. 16 and 17). Moreover, the stored

mass at the first-time step must equal that at the end of the

simulation period, i.e. a year operation (Eqs. 18 and 19).

kminHS $DSLP � HSLP ðtÞ � kmaxHS$DSLP (16)
kminHS $DSHP � HSHP ðtÞ � kmax HS$DSHP (17)

HS LPð0Þ¼HS LP

�
tfin
�

(18)

HS HPð0Þ¼HS HP

�
tfin
�

(19)

Energy and mass balances of the total system

The energy management system sets out the power flows

between the energy units. The electric power balance states

the equivalence of the power generation and consumption. It

reads

Xtfin
t¼0

�
PPVðtÞþPwðtÞþPþ

GRIDðtÞ�P�
GRIDðtÞ

�¼ Xtfin
t¼0

 
PelectðtÞþPcompLP ðtÞ

þPcompHP ðtÞþ PrefrðtÞþ
X
v

X
gp

Pv
gp;2ðtÞdvgp;2

!

(20)

where PPVðtÞ and PwðtÞ are the power generated by the PV plant

and the WT, respectively. Pþ
GRIDðtÞ and P�

GRIDðtÞ are the electric

power purchased from and sold to the national grid, respec-

tively. PelectðtÞ is the input power of the electrolyzer, PcompLP ðtÞ is
the input power of the LP compressor and PcompHPðtÞ is the input

power of the HP compressor. PrefrigðtÞ is the power required by

the refrigeration units, and PvehiclesðtÞ is the power to recharge

full electric equipment and vehicles. v is the index of equip-

ment and vehicle type, gp is the index of equipment and vehicles

group.

The mass balance for H2 flows is:

Xtfin
t¼0

��
HLP;electðtÞþHGH2 ;trucksðtÞþHLH2 ;shipsðtÞþHNH3 ;ships ðtÞ

�

¼
Xtfin
t¼0

HindðtÞ þ
Xtfin
t¼0

X
v

X
gp

Hv
gp;1ðtÞ $ dvgp;1

(21)

HLP;electðtÞ is the H2 produced by the electrolyzer at time t,

HGH2 ;trucksðtÞ, HLH2 ;shipsðtÞ and HNH3 ;ships ðtÞ are the flows of H2 im-

ported as GH2 via trucks, as LH2 via ships, and as NH3 via ships,

respectively. The mass flow of H2 locally produced and/or

imported equals that requested by the industry and by the

equipment and vehicles (if hybrid H2 powertrain is chosen as

optimal option for the gp-th groups of the v-th types of

equipment and vehicles). Note that in the overall energy and

mass balances (Eqs. (20)e(22)) the terms accounting for the

variation of storage levels (i.e., battery storage and hydrogen

tanks) do not appear because of constraints in Eqs. (13), (18)

and (19).

Similarly, the mass balance for Diesel flows is:

Xtfin
t¼0

FvehiclesðtÞ ¼
Xtfin
t¼0

X
v

X
gp

Hv
gp;3ðtÞ$dvgp;3 þ

Xtfin
t¼0

X
v

X
gp

Hv
gp;4ðtÞ$dvgp;4

(22)

The amount of Diesel entering in the energy system (Fvehicles)

equals that requested by conventional Diesel (pt ¼ 3) and/or

hybrid Diesel (pt ¼ 4) equipment and vehicles (if Diesel-
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powered powertrain are chosen as optimal options for the gp-

th groups of the v-th types of equipment and vehicles).

Powertrain options for port equipment and vehicles

The choice of the optimal powertrain for an equipment and

vehicle group is one of the main goals of this study strongly

affecting the H2/energy demands of port equipment and ve-

hicles. To limit the increase of the number of binary variables

and to comply with the performance characteristics of HRS,

equipment and vehicles of the same type are grouped as

described in Section Energy and hydrogen demands, and bi-

nary variables are used to choose a specific powertrain (pt) for

each group (gp) of each equipment and vehicle type (v). For each

type of equipment and vehicle v (i.e., cars, cranes, reach

stackers, forklifts, and yard tractors), a matrix of binary vari-

ables yv is defined as reported in Eq. (23):

yv ¼

2
664
dv1;1 / dv1;pt

« « «

dvgp;1 / dvgp;pt

3
775 (23)

where rows represent the groups (gp) and columns the cor-

responding powertrains (pt). The four powertrains are listed

as: hybrid H2 (pt ¼ 1), full-electric (pt ¼ 2), Diesel (pt ¼ 3), or

hybrid Diesel (pt¼ 4). For instance, the dimension of the above

matrix for tractors is 3 (groups) x 4 (powertrains). Given the

definition of group introduced in Section Energy and hydrogen

demands, the sum of the elements of each row in eachmatrix

yv is equal to one because a group of equipment and vehicles is

identified by one optimal powertrain only.

Objective function, decision variables and CO2,eq emission
Constraint

This Section presents the objective function of the optimiza-

tion model and the constraint that limits the CO2,eq emissions

of the energy system.

The optimizer seeks for a minimum of the sum of annu-

alized investment, replacement, operation and management

cost, plus the operation cost related to the energy flow

entering and outgoing from the energy system. Thus, the

objective function (fObj, V/y) reads

fObj ¼
X
j

Dj

�
Cinv;aj þCrep;aj þCO&Mj

�
þ
X
j

cj
�
Pinj þHinj þ Finj � Poutj

�
(24)

For each j-th energy component (i.e., PV, WT, PEME, ESS,

compressor, hydrogen storage system, H2 refuelling station,

refrigeration unit and vehicles), the decision variables are:

design variables “Dj” (kW, kg or kWh), power flows “Pj” (kWh),

Diesel mass flows “Fj” (kg), hydrogen mass flows “Hj” (kg), and

binary variables “dj”. The latter control the on/off status or the

inclusion/exclusion of the j-th unit.

Cinv;aj (V per kW per year or V per kg per year or V per kWh

per year) and Crep;aj (V per kW per year orV per kg per year orV

per kWh per year) are the annualized investment and

replacement specific costs, respectively. CO&Mj
(V per kW per

year or V per kg per year or V per kWh per year) are the

operation and maintenance specific costs.
cj (V per kWh or kg of fuel) are the cost and related to the

corresponding input and output mass and energy flows that

enter/exit from the j-th component (Pinj
(kWh), Hinj

(kg), Finj

(kg), Poutj (kWh)), defined respectively in kWh of electricity, kg

of hydrogen, kg of diesel and kWh of electricity).

Annualized investment, replacement and operation and

maintenance costs are evaluated as proposed in Ref. [70],

considering a 25-year operating life of the energy systemand a

5% discount rate.

The constraint on the CO2,eq emissions imposes an upper

bound on the emission from the industrial port area

X
j

�
eCO2;eqj $

�
Pinj þHinj þFinj

��
�ð1�E%Þ$ETOT;ref (25)

where eCO2;eqj (kgCO2,eq per kWh or kg of fuel) is the carbon

footprint related to each energy and mass flow entering the

energy system model, ETOT;ref (kgCO2,eq per year) is the total

CO2,eq emission of the baseline scenario and E% is the per-

centage reduction. Eq. (25) allows to set the decarbonization

goals with respect to the current configuration (baseline) in

which all equipment and vehicles are powered by Diesel in-

ternal combustion engines, the steel industry H2 demand is

met by grey H2 imported via trucks and PV, WT, electric

storage systems and electrolysers are not present.

Note that the "green” electricity generated by PV andWT is

either used internally or sold to the grid. The resulting "grid

decarbonization” effect is not accounted here for the sake of

simplicity, thus the obtained decarbonization levels are

actually underestimated.
Optimization results and discussion

This Section presents the main results of the industrial port

area optimization. In particular, Section Substructure

including industry, port equipment and vehicles energy

demand reports the optimization of the energy system of

the IPA substructure which includes the energy demands of

both industry and port equipment and vehicles. Section

Substructure including only port equipment and vehicles

energy demand presents the results related to the optimi-

zation of the energy system of the IPA substructure without

the industry (i.e., including only the energy demands of the

port equipment and vehicles). Section Comparison of the two

substructures and critical remarks provides a comparative

analysis of the results of the two substructures and discusses

the main findings. In the following, the various results of the

optimization simulations are also compared to a current

reference Scenario “0”, in which port equipment and vehicles

are Diesel-fuelled and the H2 for the industry is grey H2 im-

ported via trucks.

Substructure including industry, port equipment and
vehicles energy demand

This Section considers the substructure including the energy

demands of both the industry and port equipment and vehi-

cles. Fig. 4 shows the percentages of the different contribu-

tions to carbon emissions in the reference Scenario 0. The grey

H2 for the steel industry is imported via trucks and accounts
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for approximately 27% of the total emissions in the IPA, cor-

responding to about 10,000 tCO2,eq/year. Among equipment

and vehicles, tractors are responsible for 51% of the total

emissions, while stackers and cranes account for approxi-

mately 11% and 9%, respectively. Forklifts and cars have the

lowest Diesel consumption over the year and contribute to

just 2% and 0.1% of the total emissions, respectively.

For a given future scenario (Section Definition of energy

and market scenarios), the optimizer provides the optimal

configuration of the equipment and vehicles fleet, i.e., the

optimal powertrain for each group and type of equipment and

vehicles. Fig. 5 shows the energy required (left axis) by port

equipment and vehicles in the different scenarios and cases

(horizontal axis). Grey solid and chessboard bars represent the

energy demand of Diesel and hybrid Diesel powertrains,

respectively. Red dotted bars refer to the energy required by

battery electric equipment and vehicles, while blue wave bars

to the energy demand of hydrogen equipment and vehicles.

Given the high impact of Diesel equipment and vehicles on

the total CO2,eq emissions of the IPA, Diesel powertrains are

the first to be replaced with less environmentally impactful

powertrain options when an emission reduction is required.

This replacement is apparent in Fig. 5 moving from the

baseline case (Scenario 0) to the S2030/-30%CO2/highVH2 sce-

nario where most of the Diesel equipment and vehicles are

substituted by hybrid Diesel ones. Despite a slight increase of

costs, the use of batteries in the hybrid Diesel option allows a

sufficient emission reduction to meet the 30% target of emis-

sion reduction in the 2030 scenario.

In 2050, the cost reduction of hydrogen equipment and

vehicles, as well as the stricter constraint on CO2,eq emis-

sions, bring hydrogen equipment and vehicles into the

optimal configuration of equipment and vehicles. The two

scenarios with a 50% CO2,eq emission reduction target

(S2050/-50%CO2/highVH2 and S2050/-50%CO2/lowVH2) differ

in the origin and price of H2. In S2050/-50%CO2/highVH2,

optimizer chooses to import most of the H2 needed as grey H2

imported by truck, mainly because its cost is lower than that

of green H2. In S2050/-50%CO2/lowVH2, on the other hand,

the overall cost of green H2 is lower than that in the S2050/-

50%CO2/highVH2, but the percentage of H2 demand for

equipment and vehicles is reduced because a 50% CO2,eq

emission reduction is achieved by importing NH3 to meet the

industry H2 demand. NH3, as imported H2 carrier, is selected

instead of LH2 for the IPA, due to its predicted lower future

cost and carbon footprint. In both 2050 scenarios with 50%

reduction of emissions (i.e., S2050/-50%CO2/highVH2 and
Fig. 4 e Current contributions to carbon emissions related

to the operation of industry and port equipment and

vehicles in the reference Scenario 0.
S2050/-50%CO2/lowVH2), Hybrid Diesel equipment and vehi-

cles constitute a large share of the energy demand of

equipment and vehicles, although electric equipment and

vehicles are more convenient in terms of emission reduction

when their cost is not too high and they can exploit PV en-

ergy. As the cost of electric equipment and vehicles in-

creases, their share in the optimal equipment and vehicle

fleet reduces and the relative share of hydrogen equipment

and vehicles increases. In S2050/-50%CO2/highVH2 scenario,

the energy demand of electric equipment and vehicles de-

creases gradually from the case 0%Vel to the þ100%Vel one,

whereas in S2050/-50%CO2/lowVH2 scenario the electric

equipment and vehicles disappear from þ30%Vel upwards.

The increase of the energy demand of equipment and vehi-

cles from S2050/-50%CO2/highVH2 to S2050/-50%CO2/lowVH2

is mainly due to the rise of the share of hybrid Diesel

equipment and vehicles. In S2050/-80%CO2/lowVH2, if the

cost of battery electric equipment and vehicles exceeds the

predicted cost by at least 30%, the most cost-effective way to

achieve the 80% reduction of emissions is the conversion of

almost all equipment and vehicles into hydrogen ones. Being

the relative weight of cars not significant in the total account

of emissions, the conversion of Diesel cars into other pow-

ertrain options is not cost-effective in any of the defined

scenarios and cases.

In all scenarios, the total energy demand of the equipment

and vehicle fleet is lower than that of the Scenario 0 because

the alternative powertrain options are more efficient than

conventional Diesel one. Focusing on S2050/-50%CO2/highVH2

in Fig. 5, further considerations can be made about the effi-

ciencies of the different powertrains. In case the cost of elec-

tric equipment and vehicles equals the predicted one (0%Vel),

the electric equipment and vehicles concur to about one-third

of the energy demand and the total energy demand is the

lowest within this scenario. The low energy demand (see also

case 0%Vel in S2050/-80%CO2/lowVH2 scenario) is a conse-

quence of the energy conversion efficiency of the electric

equipment and vehicle, which is the highest among all the

powertrains. This is also confirmed by the decrease of the

number of electric equipment and vehicles, as the cost of the

electric equipment and vehicle increases.

This observation is confirmed also by the fact that, as the

cost of the electric equipment and vehicles increases, the

number of electric equipment and vehicles decreases and, in

turn, the energy demand increases. The use of hydrogen

equipment and vehicles decreases the energy demand as

highlighted by the S2050/-50%CO2/highVH2 and S2030/-30%

CO2/highVH2 comparison. So, hydrogen equipment and ve-

hicles have a value of energy conversion efficiency that is in

between that of hybrid Diesel equipment and vehicles and

that of electric ones.

Fig. 6 shows the composition of H2 supplied to the steel

industry and to equipment and vehicles (in case that some

groups of equipment and vehicles powered by H2 appear in

the optimal fleet) for the different scenarios and cases. Grey

solid bars represent grey H2, whereas green chessboard bars

and orange diagonal-stripe bars represent locally produced

and imported H2, respectively. The blue dotted line highlights

the constant H2 amount of 1000 tons of H2 per year required by

the industry. A bar exceeding this line indicates that some
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Fig. 5 e Composition of the energy required by port equipment and vehicles (bars, left axis) and CO2,eq emissions (line, right

axis), in the different scenarios and cases, for the substructure with both industry and port equipment and vehicles. Grey

solid and grey chessboard bars represent the energy demand of Diesel and hybrid Diesel powertrains, respectively. Red

dotted bars refer to the energy required by battery electric equipment and vehicles, while blue wave bars to the energy

demand of hydrogen equipment and vehicles. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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hydrogen equipment and vehicles have been included in the

optimal fleet.

When the cost of imported NH3 refers to 2030 (scenarios

with “highVH2” label), local production of H2 is a viable

decarbonization option only if the cost of equipment and

battery electric vehicles is higher than that predicted for 2030

and 2050, i.e., at least 50% higher in S2030/-30%CO2/highVH2

and at least 30% higher in S2050/-50%CO2/highVH2. According

to the costs of technologies to produce, compress and store H2,

of power purchased from the grid, and of renewable power

production, nomore than 323 tons of H2 per year are produced

locally. In this case, a 5.9 MW sized electrolyzer is selected; its

percentage utilisation factor reaches 33%.

In the scenario S2030/-30%CO2/highVH2, locally produced

hydrogen has an average annual carbon footprint below 0.4

kgCO2,eq/kgH2 and production costs of 8.8V/kgH2 and 9.9V/kgH2

when considering a þ50% and þ100% higher cost of electric

battery vehicles, respectively. Local hydrogen production is

preferred to the import of ammonia because of the much

lower carbon footprint (0.4 kgCO2,eq/kgH2 versus 2.5 kgCO2,eq/
kgH2), in spite of the higher cost (8.8 V/kgH2 or 9.9 V/kgH2

versus 4.55 V/kgH2 of ammonia).

In the case of S2050/-50%CO2/highVH2, the costs (and

carbon footprint) for locally produced hydrogen are about 7.6

V/kgH2 (2.39 kgCO2,eq/kgH2), 4.0 V/kgH2 (1.17 kgCO2,eq/kgH2), and

3.9 V/kgH2 (0.75 kgCO2,eq/kgH2) when assuming a þ30%, þ50%,

and þ100% higher cost of electric battery vehicles,

respectively.

In “lowVH2” scenarios, NH3 gives the most substantial

contribution in decarbonizing both industry and port equip-

ment and vehicles. If 80% reduction of emissions is required

(S2050/-80%CO2/lowVH2), imported NH3 covers the entire in-

dustrial demand of H2 but it becomes the only refuelling op-

tion for all equipment and vehicles, except the cars, if electric

equipment and vehicles have at least a cost 30% higher

respect to the predicted one.

Despite the higher cost of NH3 (þ13% of the grey H2), it is

selected in the low-cost H2 scenarios (lowVH2) because of its

lower carbon impact (approximately four times lower than

grey H2).
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Fig. 6 e Composition of H2 supplied to the steel industry and to equipment and vehicles, in the different scenarios and cases,

for the substructure with both industry and port equipment and vehicles. Grey solid bars represent grey H2, whereas green

chessboard bars and orange diagonal-stripe bars represent locally produced and imported H2, respectively. The blue dotted

line highlights the constant H2 quantity of 1000 tons of H2 required per year by the industry. (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Substructure including only port equipment and vehicles
energy demand

The optimization results of the substructure of the IPA with

only port equipment and vehicles (without the industry) al-

lows to distinguish the influence of equipment/vehicles and

industry in determining the optimal powertrain options for

various types of equipment and vehicles.

Fig. 7 shows the same information of Fig. 5 (Section

Substructure including industry, port equipment and vehicles

energy demand) for the substructure without industry. The

left axis shows the values of the energy demands of equip-

ment and vehicles for different scenarios and costs of electric

equipment and vehicles, whereas the right axis shows the

percentages of emission reduction. The different types of bars

keep the same meaning. Similarly to Fig. 6 (Section

Substructure including industry, port equipment and vehicles

energy demand), Fig. 8 shows the origin of the H2, i.e., grey,

locally produced or imported H2. The amount of H2 is only

related to hydrogen equipment and vehicles (substructure

without industry).

In scenarios where the cost of imported NH3 is that of 2030

(i.e., S2030/-30%CO2/highVH2 and S2050/-50%CO2/highVH2)

hydrogen equipment and vehicles appear when the cost of

electric equipment and vehicles is 30% higher than the pre-

dicted one and most of the H2 is grey. In S2030/-30%CO2/

highVH2 scenario, H2 comes from local production only when

the cost of the battery electric equipment and vehicles is twice

the predicted cost (þ100%Vel). In this scenario, the average
annual carbon footprint of locally produced hydrogen is

almost zero (lower than 0.01 kgCO2,eq/kgH2), while the cost is

about 8.3 V/kgH2. On the other hand, in S2050/-50%CO2/

highVH2 about one-fifth of the H2 is always produced locally if

the cost of battery electric equipment and vehicles is at least

30% higher than the predicted one. The highest local pro-

duction of H2 occurs in the scenario S2050/-50%CO2/highVH2,

in which a 4 MW electrolyser operating at a utilisation factor

of about 42% is chosen. In S2050/-50%CO2/highVH2, costs (and

carbon footprint) are about 6.5 V/kgH2 (1.03 kgCO2,eq/kgH2), 5.9

V/kgH2 (0.99 kgCO2,eq/kgH2) and 5.11 V/kgH2 (1.22 kgCO2,eq/kgH2)

when a þ30%, þ50% and þ100% higher cost of electric battery

vehicles is assumed, respectively. Despite the slightly higher

cost, local production of hydrogen is preferred to imported

ammonia because of the lower footprint (values around 1

kgCO2,eq/kgH2, as seen above, versus the ammonia carbon

footprint of 2.5 kgCO2,eq/kgH2).

It is important to note that in scenarios with high costs for

H2 carriers and battery electric equipment and vehicles, grey

H2 imported via trucks may also play a role in decarbonizing

port equipment and vehicles. This is because the lower

emissions from the hydrogen equipment and vehicles fuelled

by grey H2, compared to those from Diesel and hybrid Diesel

powertrains.

Fig. 8 highlights that in scenarios with “lowVH2” H2 supply

and associated equipment are so convenient that no more

electric equipment and vehicles are included in the optimal

fleet (even in the cases 0%Vel). In both S2050/-50%CO2/lowVH2

and S2050/-80%CO2/lowVH2 scenarios, most of the H2 is
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Fig. 7 e Composition of the energy required by port equipment and vehicles (bars, left axis) and CO2,eq emissions (line, right

axis), in the different scenarios and cases, for the substructure with only port equipment and vehicles. Grey solid and grey

chessboard bars represent the energy demand of Diesel and hybrid Diesel powertrains, respectively. Red dotted bars refer to

the energy required by battery electric equipment and vehicles, while blue wave bars to the energy demand of hydrogen

equipment and vehicles. (For interpretation of the references to colour in this figure legend, the reader is referred to theWeb

version of this article.)
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imported via NH3 (Fig. 8). When an 80% reduction of emissions

is imposed, H2 technologies are the preferred option for

almost all equipment and vehicles (except for cars) due to the

low carbon impact of H2 imported in the form of NH3 via ships.

Overall, when NH3 is available at a lower price, hydrogen

equipment and vehicles are chosen instead of battery electric

equipment and vehicles.

Comparison of the two substructures and critical remarks

In all energy system substructures, scenarios and cases, the

capacity of the PV power plant is 20 MWP, which corresponds

to the upper bound constraint. Conversely, the wind turbines

are never installed due to the unfavourable wind conditions

(highly variable wind speed).

The coefficient of decarbonization (coefdecarb) is a metric to

evaluate the potential decarbonization impact of the proposed

decarbonization strategies for the IPA

coefdecarb;i ¼
Costtoti � Costopref
Emopref � Emtoti

(27)
The numerator is the difference between the total cost of

the optimized system in each scenario i (Cos ttoti ) and the cost

of the reference scenario (Cos topref ), and the denominator the

difference between the emissions of the reference scenario

(Emopref ) and those of the optimized system in each scenario i

(Emtoti ).

The coefficient is defined in V/tCO2,eq and represents the

cost to avoid the emission of a ton of CO2,eq per year in a

scenario i. Figs. 9 and 10 show the total costs of the system

(bars, left axis) and the related values of the decarbonization

coefficient (lines, right axis) of the two energy system sub-

structures with and without industry (solid bars and lines for

the substructure with the industry “Ind þ Equip&Veh”, wave

bars and dashed lines for the substructure without industry

“Equip&Veh”).

The inclusion of the industry makes the system total costs

always higher than those of the substructure including only

the port equipment and vehicles (i.e., the solid bars are higher

than the wave bars in all cases). Nevertheless, the decarbon-

ization coefficient shows the opposite trend, i.e., it is always

higher for the substructure without the industry. Given the
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Fig. 8 e Composition of H2 supplied to only equipment and vehicles in the different scenarios and cases. Grey solid bars

represent grey H2, whereas green chessboard bars and orange diagonal-stripe bars represent locally produced and imported

H2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

Fig. 9 e Total costs of the system (bars, left axis) and the related decarbonization coefficient (lines, right axis) of the two

energy system substructures with and without industry in 2030. Solid bars and lines refer to the substructure with the

industry (“Ind þ Equip&Veh”), while wave bars and dashed lines to the substructure without industry (“Equip&Veh”).
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Fig. 10 e Total costs of the system (bars, left axis) and the related decarbonization coefficient (lines, right axis) of the two

energy system substructures with and without industry in 2050. Solid bars and lines refer to the substructure with the

industry (“Ind þ Equip&Veh”), while wave bars and dashed lines to the substructure without industry (“Equip&Veh”).
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same emission reduction target, the replacement of port

equipment and vehicles is more expensive than the replace-

ment of H2 as feedstock for the industry. In fact, the replace-

ment of equipment and vehicles requires a remarkable initial

investment effort to purchase new equipment and vehicles

and associated infrastructures (e.g., refuelling/charging sta-

tions). Conversely, this is not necessary in the case of replac-

ing H2 for the industry. This result suggests that it is more

cost-effective to undertake decarbonization strategies if the

port is located in the vicinity of an industrial hub.

In both Figs. 9 and 10, within each scenario, the decar-

bonization coefficient of the “Equip&Veh” substructure

(dashed black line) increases as the cost of the battery electric

equipment and vehicles increases, whereas the same coeffi-

cient for the “Ind þ Equip&Veh” substructure (solid black line)

remains almost constant except for the S2050/-80%CO2/

lowVH2 scenario. This result is another consequence of the

reduced dependency of the decarbonization of the substruc-

ture with industry on the replacement cost of electric equip-

ment and vehicles. Only in the S2050/-80%CO2/lowVH2

scenario, the decarbonization coefficient of the

“Ind þ Equip&Veh” substructure increases. This different trend

can be explained by the fact that the decarbonization of the

equipment and vehicle fleet is necessary in this scenario to

achieve the required environmental target, in addition to the

replacement of the grey H2 supplied to the industry.
As shown in Figs. 9 and 10, decarbonization coefficients in

2050 are about two to three times lower than in 2030, due to

lower estimated costs for new technologies and green energy

sources. In particular, NH3 imported in 2050 at lower price

(lowVH2) allows a marked reduction of costs for the decar-

bonization of the IPA superstructure, both with and without

the industry H2 demand.
Conclusions

This paper evaluates different configurations of energy con-

version and storage systems in an industrial port area (IPA) to

select themost cost-effective ones for different target levels of

CO2,eq emissions.

These configurations are part of a complete superstructure

including renewable and fossil energy sources, the import or

local production of hydrogen, the supply of hydrogen to a

nearby steel industry, equipment/vehicles powered by Diesel,

electricity or hydrogen along with the refuelling and storage

stations/units. A Mixed Integer Linear Programming (MILP)

design-operation optimization problem is set up based on

one-year operation of the IPA. The optimization is carried out

by considering two substructures within the superstructure,

one including the energy demands of both industry and port

vehicles/equipment, the other only the energy demand of port
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equipment/vehicles. For each substructure, different optimi-

zation runs are performed for the years 2030 and 2050. Specific

emission reduction targets and different scenarios of costs of

energy conversion and storage units, infrastructures, and

imported hydrogen are considered, as well.

The outcomes of the optimization prove that:

� Electrification and hybridization are crucial for decarbon-

izing the IPA in themedium-to-long term.Hybrid Diesel are

mainly used to reduce the carbon footprint of the port by

30%e50%. Hybrid diesel vehicles give way to battery elec-

tric and hybrid hydrogen vehicles if more stringent emis-

sion targets (i.e., 50e80%) are imposed, especially when the

steel industry emissions are disregarded from the analysis.

In 2050, when 50% and 80% emission reduction is required,

the optimization of both substructures suggests including

hydrogen vehicles supplied by both grey and green

hydrogen (either locally produced or imported) when the

price of battery electric vehicles is higher than the pro-

jected one in 2050 (from 30% and up).

� Ammonia plays a key role for decarbonizing industry and

heavy-duty vehicles in the 2050 cost/emissions scenarios,

when the cost of extracted hydrogen from ammonia is

expected to be 2.25 V/kgH2. With emission reduction tar-

gets of 80% and 50%, imported ammonia meets most and

some of the vehicles and industry demands, respectively.

When costs exceeds 2.25 V/kgH2, as in 2030, the IPA can

only achieve a �30% emission reduction by converting

vehicles to hybrid Diesel and battery electric ones, and/or

using locally available renewable energy sources to pro-

duce hydrogen for the industry.

� The cost for avoiding CO2 emissions is always higher for

the substructure without the industry. Thus, achieving the

same emission reduction goal is more expensive by

replacing port vehicles than by substituting hydrogen as a

feedstock for industry. In fact, the replacement of vehicles

implies the purchase of all associated equipment such as

vehicles and refuelling stations that are not necessary in

the case of replacing hydrogen for the industry.

Although there are several sources of uncertainty that

may affect the optimization results, this study can provide

valuable insights into technologies and strategies that can

be implemented not only in the IPA under consideration but

also in other industrial complexes or areas where heavy-

duty vehicles operate and there is industrial demand of

hydrogen.

A sensitivity analysis of other input parameters, e.g.,

different locations of the IPA, types of energy demand within

the IPA, future financial support tools, which substantially

influence optimization results and the choice of one strategy

over others, could be the focus of further works.
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