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Abstract

This thesis investigates the integration of green hydrogen and ammonia production in
renewable energy-powered energy systems, as a decarbonization pathway in the energy
sector. Climate change mitigation and the transition to carbon-free energy systems are
challenged by the inherent intermittency of renewable sources, which affects grid stability
and can lead to energy curtailment. By converting surplus renewable electricity into
chemical energy carriers such as hydrogen and ammonia, it is possible to enhance system
flexibility, support grid services, and provide carbon-free fuels for hard-to-abate sectors
and power generation.

In this research, mathematical modeling is used to develop, optimize and analyze
integrated energy systems based on variable renewable energy generation, water
electrolysis, energy storage and ammonia production. Two main approaches to system
integration are examined: the first combines green hydrogen production with mechanical
energy storage (via compressed air energy storage or pumped hydro energy storage) to
provide grid balancing and minimize curtailment, while the second analyzes a fully
dedicated green ammonia production plant. The performance of each configuration is
assessed to identify the optimal system design and operational strategies.

With reference to green hydrogen and mechanical storage integrated solutions, two
different configurations are analyzed in detail. In the first configuration, a photovoltaic
plant is integrated with a compressed air energy storage system fueled by green hydrogen
produced on-site. This approach achieves a round-trip efficiency of approximately 62%,
a reduction of photovoltaic curtailment to 4%, while delivering grid flexibility services
using carbon-free fuel. On the other hand, the second system integrates hydrogen
production in a floating photovoltaic-powered pumped hydro energy storage plant, using
surplus energy to maximize self-consumption utilizing 99.2% of renewable energy
generation.

Finally, a green ammonia production system is optimized using a mixed integer linear
programming approach, allowing for the simultaneous optimization of component size
and operation scheduling to minimize production costs. The analysis achieves temporal
decoupling of yearly ammonia production from fluctuating photovoltaic input with
minimal intermediate storage, with a system efficiency of 45.5% and a levelized cost of
ammonia of 995 €/ton.

il



Table of contents

Chapter 1 INrodUCTION .......veeiiiieciie ettt e e e e tae e s e e e s baeessbeeessseeennseeenns 1
1.1 Motivation and ODJECHIVE .....ccuviiiiiieciie ettt 1
1.2 TRESIS OVETVIEW ...ecuiiiieniieiiesiieieeie sttt sttt ettt sttt 5

Chapter 2 State Of the It .....ccc.eiieiiiecie e e e e saree e 7
2.1 Renewable energy eneration...........ccveecveeerieeeriieeiieeeeeeeeeeeeeeeeereeesree e 7

2.1.1 Challenges and lIMItations..........cccveeeveerieeiiienieeieerie e ens 9
2.2 ENETZY STOTAZE ..eouvieiiiiieiiie ettt ettt s 10
2.3 Hydrogen as an eNnergy CAITICT .......c..ccveervierrerrreerreeereeneeseseesneeseessnessseesseens 15

2.3.1 Hydrogen production and USae ...........cceevveerieenieeiiienieeiienie e 17

232 Hydrogen StOrage .........eeeueeiuieiiieiieeiieie et 18

233 Hydrogen challenges and limitations............cccceeeeeevieenienniienieenieenieeee. 19

234 Water for hydrogen production...........c..cccceeceeviiiiniiniencniicneeceeeniee 20
2.4 Ammonia as an €NEIEY CAITICT .....cccueerueeerreerreeireerreeereesressseessseesseessnessseessseens 20
2.5 Research gaps and thesis contribution ............ceeeeeriieiieniieiienieeeeeeeeee 22

Chapter 3 System configuration and ProCESSES .........cccveerreeriierreerieeireeneeerieesereesseesneens 24

3.1 General framework for integrated energy Systems..........ccceeeveeeeveenveeenneenns 24
3.1.1 Integrated CAES configuration ..........c..cccceevieniiiiniinienenicneeceecee 25
3.1.2 Integrated PHES configuration...........c..cccceviiviininiiniininienceceeeee 25
3.1.3 Integrated ammonia production configuration ............ccecceeevevveercneeennnenn. 25

R IV T 1 1<) <) (1o 4] ) ) TSR 26
3.2.1 AlKaline €leCtrOlYSIS ..oc.eeruiiuiriirieierieneeeetcettee et 26
322 Proton Exchange Membrane...........ccccoeeveriiniiiiniiniiicncnceeeeceee 27
3.23 Anion Exchange Membrane ............cocoveeveriinienieniicnieneeicseeieeeeneens 28
324 Solid Oxide Electrolysis Cell.........cccooeriiniininiiiniiniiiiniciencneeene, 29
3.2.5 Water for hydrogen production............cocceeevieeniieiiieniieiierie e 30
3.2.6 Seawater for hydrogen production............ccoeceeevieeriiiiiieniieciienie e 31

33 Ammonia production technologies..........cccveeviieeiiieniiiecieeeeeeee e 31
3.3.1 Haber-Bosch process for green ammonia production...............cc.ceeuee.... 33
332 AMMONIa SYNEHESIS ...ccvveiiieiiieiieiie et 34
333 NItrogen ProduCtion .........cc.eevvieriienieerie et eiie ettt see e seeeeeee e eas 34
334 Haber-Bosch synthesis loop.........cccuevciieriiiiiiiiie e 35

il



3.35
3.3.6
Chapter 4
4.1
4.2
42.1

4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19

Chapter 5
5.1

5.2
5.2.1

522
523
524
525
5.2.6

53
5.3.1

532

Challenges of Haber-Bosch integration with VRES............ccccooeeienen 36
Alternative ammonia production technologies............cccoecvevvienreenennne. 37
Mathematical MOAELS ........cocueiiiriiiiiiieee e 39
Mathematical MOAEIING ......c.eoveeriiriiriiiiiiieeeee e 39
Photovoltaic plant ..........cceeceeieiiiiinieeee e 40
Floating photOVOItaIC ......c..eieeiiieciie e 40
PEM @lECtIOLYZET ..ottt eibee e ree e 41
AEM ClECIIOLYZET ......eiiiieiieeiiieitesie ettt ettt ettt et eaee e 42
COMPIESSION TIAIMN ..veevvieeiiieiieeteeriieeieeeiieeteeetteeseessaeebeesseeenseesseeenseesseeesseensns 43
EXPanSion traif ........cccuvieeuiiieiieeeiie et eeiee e e e eeiaeeeaeeesaeeesaeeesnbeeeeaneeenes 44
Storage volume for air and hydrogen ...........c.cocceeveiievieeiieniiicieieeeee e, 45
Hydroelectric turbine and pump ..........ccccueeviieiciienieeiienie e 46
Ammonia production OpPtiMIZatioN..........ccveeeriieeriieeeiieeeiieeeieeesreeeeveeeeevees 47
ODbJECtiVE TUNCHON. ...ecuviieiiieiieeieeite ettt e e e treebeesaeeesseenes 47
Balance eqUation...........c.cccuieeiieiiieiiicieeee ettt eba e ens 48
BESS model and conStraints.............ccceerieieiiieeiiieeiiee e eveeesvee e 48
HSS model and constraints ............ceeeererienienierienieeeeeee e 49
Ammonia storage model and CONStraintS.........c.occveeevierieeiieniieeiienieeieeeeens 49
Electrolyzer model and cOnStraints............cceeeeeeieerieeiieenieeieeie e 49
Ammonia synthesis model and conStraints...........ccveeevveerviieeniieenceeercieeennennn 50
Levelized cost of ammoOnia.........ccceeeueeiieniiiiiiiiieceecceee e 51
Water footprint aSSESSIMENL ..........cvuieiierieeiieeieeiee ettt site et e e ens 51
Limitations and UNCEItaINtIes . .........eeueerierieenienieeniienieeste et 52
Integrated green hydrogen and ammonia SyStems ...........ccceeecvveervieerneeennnnn. 53
Introduction to integrated SYSteIMS........ccccvvieriieeriieeiee e e 53
Impact of hydrogen production on freshwater sources............coceeeevveneennene 54
Water stress and withdrawal ... 56
Water withdrawal for electricity and hydrogen generation .................... 57
Water withdrawal for green hydrogen from RES.............cccoooviinnnnn. 58
Water withdrawal from RES and hydrogen in the energy sector ........... 59
Hydrogen water withdrawal in the energy Sector.........cccccecevvenieriennnes 60
Seawater electrolysis for green hydrogen production...........cccceecuvenneenn. 62
Hydrogen integration in Compressed Air Energy Storage systems ............... 63
Integrated PV-H2-CAES system configuration...........ccccceeeevveercveeennenn. 64
Energy management Strate€gy...........eeevvivieeeniiiieeeniiiiee e 66

v



5.3.3 PaATAIMIELETS ettt ettt e e e et e e e e e et e s 68

534 Compression and eXpansion traiNs ............cceeeveeeeveereenveenreeneeenseesneenens 69
535 STOTAZE UNILS ..vvviiiieiieeiieiie et ertte et e see ettt e et eseaeebeesseeesseessaesnsaenanens 70
53.6 Performance indiCators ...........coeevuiriinieiiiniinieieecece e 70
5.3.7 PV-H2-CAES plant sensitivity analysis ........cccceccveeevieeeiieencnieesirieeeeneenn 70
5.3.8 PV-H2-CAES system effiCIeNnCY .......ccceevvvieeriieeiiieeieecieeeee e 72
5.3.9 PV-H2-CAES system photovoltaic curtailment .............cccoeeevveerveeennenn. 73
5.3.10  PV-H2-CAES system capacity factor during dark hours ....................... 74
5.3.11  PV-H2-CAES optimal performance ............cceecueeveereeeiiienieiiienieeeene 75
5.3.12  PV-H2-CAES system seasonal performance............ccoccceeevuereeneencnnnene 77
5.3.13  Summary of PV-H2-CAES performance ...........c.cccccevvvereevenicneencnnns 79
54  Hydrogen integration in Pumped Hydro systems..........cccccoevieniiiiienicencenne. 79
54.1 FPV-PHES-AEM plant configuration ........c..cceceeeervienieneniicneenennienens 81
542 Mathematical model and parameters ..........cccueeevveeecieeccieeeieeeee e, 83
543 Performance indiCators ..........c.ceeriieriieiiienieeieeee et 87
544 FPV-PHES configuration reSults.........c..ccoceeviirieneniinienenienecieeenens 89
54.5 FPV-PHES-AEM configuration results..........c..ccoceevinienenicniencnncnnns 91
5.5 Ammonia ProdUCLION .........cecueriiriiiiinienieeieneeseee ettt 95
5.5.1 Green ammonia production plant ...........cccceeevveeeiiieeiieeeiieeeee e 97
552 Modeling and parameters............cecevierierierieneenieeieneeesee e 99
553 Energy performance..........coccecevieriiiiiiinienienieneeeeeseee e 101
554 Economic performance............cocueveevierieneenenienieeeeeseeie e 103
5.55 Operation sScheduling ...........ccccoviiiiiiiiiiiniice e 104
5.5.6 Synthesis and comparison of the findings ...........cccceveevervinienenncnnens 105
Chapter 6 Conclusions and future WOrk ...........cccceeceerieiiniininiinicneceeeeee e 107
BIbHHOZIAPNY ... 109



Nomenclature

Acronyms

AEM Anion Exchange Membrane MILP  Mixed-Integer Linear Programming
ASU Air Separation Unit NH3SS Ammonia Storage System
AWE Alkaline Water Electrolysis NOCT Nominal Operating Cell Temperature
BESS Battery Energy Storage System OPEX  Operational Expenditure
CAES Compressed Air Energy Storage PEM Proton Exchange Membrane
CAPEX Capital Expenditure PHES  Pumped Hydro Energy Storage
CCUS Carbon Capture, Utilization, and Storage  PtP Power-to-Power

CF Capacity Factor PtX Power-to-X

EL Electrolyzer Unit PV Photovoltaic

EMS Energy Management Strategy PWA Piece-Wise Affine

ESS Energy Storage System RES Renewable Energy Source
FPV Floating Photovoltaic SC Self-Consumption

GHG Greenhouse Gas SMR Steam Methane Reforming
GPV Ground-mounted Photovoltaic SOC State of Charge

HB Haber-Bosch SOEC  Solid Oxide Electrolysis Cell
HSS Hydrogen Storage System SOFC  Solid Oxide Fuel Cell

LCOA  Levelized Cost of Ammonia STC Standard Test Conditions
LCOE Levelized Cost of Electricity SWRO Seawater Reverse Osmosis
LCOH  Levelized Cost of Hydrogen TMY  Typical Meteorological Year
LHV Lower Heating Value VRES  Variable Renewable Energy Source
Symbols

o, Charge transfer coefficient - n Number of units or electrons -

A Area m? OF  Objective function value €

B Pressure ratio - P Power W

C Cost € p Pressure Pa

0  Membrane thickness m Q Volumetric flow rate m3/s

e  Specific energy J/kg R Universal gas constant J/(mol-K)
E  Energy J p Density kg/m 3
E° Standard reversible cell voltage V S Surface area of a single module m?

n  Efficiency - G Conductivity S/m

F  Faraday constant C/mol T Temperature K

f  Derating factor - T Solar transmittance -

vy  Specific heat ratio - t Time

g  Gravitational acceleration m/s> 0 Temperature correction factor  1/K

GI Global Solar Irradiance Wm? V Voltage A%

h  Hydraulic head m Vol Volume m?

i Current density A/m*>  w Weighting variable (PWA) -

A Humidification factor - W Water withdrawal m?

m Mass kg z Number of electrons -

m  Mass flow rate kg/s n Number of units or electrons -

Vi



Subscripts

act
AEM
AMB
BESS
C
cell
ch
cons
CURT
des
dch
DH
diff
EL
FPV
G

g
gen
H2
in
INV
lim
LOW

Activation

Anion Exchange Membrane
Ambient conditions
Battery Energy Storage System
Compressor

Cell

Charge

Consumed

Curtailed

Design conditions
Discharge

Dark Hours
Diffusion
Electrolyzer

Floating Photovoltaic
Grid

Gas

Generated

Hydrogen

Inlet

Inverter

Limiting

Lower reservoir

max
min
mod
nom
ohm
oper
out

PEM
PHES
prod
PtP
PV
ref
rev
STC
SUR

tot
UP

Membrane

Maximum

Minimum

Module

Nominal

Ohmic

Operating

Outlet

Pump

Proton Exchange Membrane
Pumped Hydro Energy Storage
Produced
Power-to-Power
Photovoltaic system
Reference conditions
Reversible

Standard Test Conditions
Surplus

Turbine

Time step

Total

Upper reservoir

vii



List of figures

Figure 1. Energy storage teChnolOZICS. .......cccvvieiiiieiiieeiiee et 11
Figure 2. Hydrogen production technologies (a) and hydrogen demand sectors (b)...... 18
Figure 3. General system integration framework .........c..ccoceveriiniiininiininiinceeee, 24
Figure 4. Green ammonia plant configuration.............ccceeeveevierieerienieeiienie e 32
Figure 5. Haber-Bosch synthesis loOp. .......ccooviiiiieriieiieieeiieeeeeee e 35
Figure 6. Inverter efficiency as a function of the load..........c.ccecevieniiiiniinniineene, 40

Figure 7. Polarization curve and hydrogen production for the AEM cell (a) and specific
stack production as a function of the AEM input power (part-load conditions) (b)....... 43

Figure 8. Compressor generalized efficiency profile...........ccooeniiiiiiiiiiiiiniiiiens 44
Figure 9. Generalized power and efficiency curves as a function of the generalized

volumetric flow rate for the Francis turbine. .........c..ccceceeieiiinininininniicccccnne 46
Figure 10. Type 1 and type 2 electropump characteristic Curves. ...........ccceeveevreererennnen. 47

Figure 11. (a) Water stress levels and (b) water withdrawal for the countries analyzed.56
Figure 12. Energy generation share and total annual energy generation for each region
ANALYZEA. 1.oeiiiiieiiece et ettt e e beeetaeebeensbeenbeenaaaen 57
Figure 13. Water withdrawal for electricity generation from different sources. ............ 58
Figure 14. Water withdrawal for hydrogen production using different technologies. ... 58
Figure 15. Water withdrawal for electricity generation from fossil fuel technologies. .. 59
Figure 16. Water withdrawal for different shares of RES and hydrogen electricity

o0 1153 1 101 1 USRS 60
Figure 17. Water withdrawal substituting hydrogen from PEM electrolyzers to (a) coal
(b) oil and (c) natural gas, and from alkaline electrolyzers to (d) coal (e) oil and (f)

NALUTAL ZAS. ..eiiiiiiieiie ettt e et e e e et e e et e e e taeeentaeenabee e nbeeeenbeeennbeeennnes 61
Figure 18. Water withdrawal for DSE from RES, substituting (a) coal, (b) oil and (c)
natural gas with green hydrogen. .........ccccooieiiiiiiiiiiiie e 63
Figure 19. Schematic configuration of the integrated PV-H2-CAES system................. 65
Figure 20. Main energy flows of the integrated PV-H2-CAES system.........c.cccocceuueeee. 66
Figure 21. Daily PV curtailment in the CAISO grid on April 16, 2023.........ccccceeenneee. 67
Figure 22. Energy management strategy of the PV-H2-CAES system. .........ccccceeeenee. 68
Figure 23. Cumulative frequency of consecutive dark hours in California in 2022....... 71
Figure 24. nPV — H2 — CAES as a function of the PV-H2-CAES design parameters. . 73
Figure 25. PV curt as a function of the PV-H2-CAES design parameters..................... 74
Figure 26. CFDH as a function of the PV-H2-CAES design parameters....................... 75
Figure 27. Performance indicators nPV — H2 — CAES (a), PVCURT (b) and CFDH(c)
FOT EPV 2 ET ottt 77
Figure 28. Seasonal EPV (EPV,CAES,EPV,G,EPV,CURT) and PVCURT for the set of
design parameters which maximizes the performance when EPV=ET ............cccc.c..... 78

viii



Figure 29. Seasonal EG (ET,G,EPV,G) and nPV — H2 — CAES for the set of design

parameters which maximizes the performance when EPV=ET. .........cc.ccccccevvrvrrrrreennse. 78
Figure 30. Seasonal ET, G (ET,G - EOHT,ET,G - DH) and CFDH for the set of design

parameters which maximizes the performance when EPV=ET. ........ccccccceocvrvuervnnnnnse. 79
Figure 31. Energy and material flows of the FPV-PHES-AEM system......................... 81

Figure 32. Logical scheme of the FPV-PHES-AEM energy management strategy....... 82
Figure 33. Energy management strategy of the FPV-PHES-AEM system. Positive
values: consumption, negative values: feed-in. ........ccooevveviiiiiiiniiieiienieceee e 83
Figure 34. Capacity curve (a) and monthly filling profile during 2023 (b) of the upper
TESCTVOIT. .euteuteteenteeutestteteette et eeteeatestte bt ea e eeuee bt eatesat e bt esseeb e e bt entesbeenbeenteebeenseeatenaeenseenean 85
Figure 35. Global irradiance (a) and average ambient temperature and wind speed (b)
for the considered 10cation (TMY ). .o.euviiiiiiiiiie e e 86
Figure 36. FPV generation and Self-Consumption (a), Electricity feed-ins and efficiency
(b), LCOE (c), and VPHES (d) for various sizes of the FPV system (FPV-PHES

configuration). Green dot: Case StUAY. ....cc.ceveriiriiniiiiinieieeereeece e 91
Figure 37. Self-Consumption (a), PHES (b), and hydrogen (c) generation for various
sizes of the FPV and AEM systems (FPV-PHES-AEM configuration). ..........c.cccceeuee. 92

Figure 38. FPV generation (a), PHES consumption (b), AEM electrolyzer consumption
(¢), Surplus FPV energy (d), PHES generation (e), and hydrogen generation (f) for
various sizes of the FPV and AEM systems (FPV-PHES-AEM configuration). Green
Ot: CASE STUAY . ...eeeeieeieee ettt ettt ettt ettt e b ettt eas 93
Figure 39. Efficiency (a,b), LCOE(c,d) and LCOH(e,f) for various sizes of the FPV and
AEM systems (FPV-PHES-AEM configuration) in the NO-CURT and CURT scenarios.

Green dot: CASE STUAY. ...eiiuiieeiiiecie et et e et e e et ae e et ee e sbeeeenbeeennsee s 95
Figure 40. Green ammonia production plant. ..........ccccceeevieeeriieniieeniie e 99
Figure 41. Energy flows for the green ammonia plant. ...........ccccoeoceiiiiniiniincnneenn. 103
Figure 42. Breakdown of the total capital (a) and operational costs (b).........c.ccccuu.e.n. 104

Figure 43. (a) monthly and cumulative ammonia production profile and (b) monthly
grid feed-ins and revenue for the Fixed Value scenario. ........ccccceceevveviniincnnceicnnne 105

X



List of tables

Table 1. Carbon emissions and costs for the hydrogen colors..........ccceeevvvevciieeniieennnnn. 17
Table 2. Electrochemical properties of the main energy carriers [26], [40], [41]. ......... 22
Table 3. Main characteristics of water electrolysis technologies. ..........cccccceevveeviiennnns 30
Table 4: Summary of data regarding water stress, annual water withdrawal, and annual
electricity generation for €ach COUNLIY. .......ccouiiiiieiiiiiiieiieee et 57
Table 5: Water withdrawal reduction substituting energy generation from fossil fuels
with PtP green hydrogen ProCeSSes. .....uiiiiieiiieeiiieeiieeeiieeeeeeereeesreeeereeesereeeeevee e 61
Table 6. Annual desalinated water production in the considered countries [115].......... 62
Table 7. PV system design parameters. ...........ceeueerueerieenieenieeiieenieeieeseeenieesieeeseesaeeens 68
Table 8. PEM electrolyzer design parameters. ..........cccueevueerieerieenieenieenieeieeseeeieesieens 69
Table 9. Integrated PV-H2-CAES plant design parameters. ...........cccceeeveeveeenveeiveennenns 71
Table 10. Design parameters for maximizing the PV-H2-CAES performance.............. 76
Table 11. PHES plant design parameters............ceevveereeerieerieenieenieesieeseeesseeseneeseessneens 84
Table 12. FPV system design Parameters. ........cccueerueerreerieerieesieenieesieesaeesseessnessseessneens 85
Table 13. AEM electrolyzer design parameters and validation results. ............c.cceeune..n. 86
Table 14. LCOE and LCOH assessment assUMpPiOnNS. ...........eecueereeerieeneeenieesveenieennens 89
Table 15. Cost summary for the components of the plant. ...............occoniiniinninnn 100
Table 16. Optimized COMPONENE SIZES. ....ccveerueieiieriiieiieeie et eite ettt saee b 101
Table 17. Optimized energy and mass production. .........c..cceceeveeeeneenierieneeneeeeneenne 102
Table 18. Economic performance comparison of the two scenarios considered. ......... 103



Chapter 1

Introduction

1.1 Motivation and objective

The global energy landscape is undergoing a significant transformation, shifting away
from fossil fuels towards lower carbon intensity technologies. This transition is driven by
the need to mitigate climate change and limit the rise in global temperature below 1.5°C
[1]. The urgency of this action is underscored by the significant environmental impact of
greenhouse gas (GHG) emissions. Globally, the energy sector is among the largest
contributors to these emissions, including electricity, heat, transport, and manufacturing
[2]. Carbon dioxide (COz) from the combustion of fossil fuels is a major contributor to
accelerated global warming, to the increase in extreme weather events, and to the rise in
sea levels [3].

Renewable energies such as solar, wind, hydropower, biofuels, and others are at the core
of this transformation. Agreements such as the Paris Accord and recent targets like the
COP28 commitment to triple renewable energy capacity by 2030 demonstrate the
urgency of transitioning from fossil fuel to sustainable energy economies [4], [5]. In 2025,
global energy demand grew by 2.2% compared to 2024, driven by a 4.3% increase in
electricity consumption, mainly due to increased cooling and industrial demand,
electrification of transport, and an increase in data center consumption. For the first time,
Renewable Energy Sources (RES) and nuclear power together met 80% of the additional
electricity generated worldwide, with the deployment of solar, wind, electric vehicles,
and heat pumps [6]. However, despite the steady increase in renewable production, the
demand for fossil fuels continues to grow. In 2024, the growth in total primary energy
generation is mainly attributed to 38% from renewables and 8% from nuclear, but fossil
fuels still constitute 54% of this growth, with 28% from natural gas, 15% from coal, 11%
from oil. In 2025, natural gas demand rose by 2.7%, and coal demand increased,
particularly in emerging economies. A significant share of this continued dependency on
fossil fuels derives from hard-to-abate sectors such as heavy industry, aviation, shipping,
and transport, where alternatives to coal, oil, and gas remain limited and costly despite
advances in electrification and clean technologies. Nevertheless, renewables increased by
38% reaching 40% of the total global energy production, mostly driven by photovoltaics
[6]. The growth of renewable production is, however, insufficient to eliminate the fossil
fuel system, due to a surge in global energy demand. Emerging economies account for
about 80% of the total demand, primarily driven by China and India, while advanced-
economy demand grew by about 1% primarily due to high cooling needs and increased
industrial activity [6].



The European Union has set ambitious goals for climate neutrality in the near future,
creating a policy framework involving its Member States. Initiatives set binding targets,
aiming for net-zero greenhouse gas emissions by 2050 [7]. The strategy for achieving
complete decarbonization is contained in the European Green Deal, not only to achieve
environmental objectives, but to develop strategies for economic and social growth [8].
The pact aims for a reduction of 55% of net emissions by 2030, 90% by 2040, and net
zero emissions by 2050, relative to 1990. Additionally, a core principle states the need to
decouple economic prosperity from resource use, without interfering with social and
environmental aspects. To establish a solid pathway, the EU introduced the Fit for 55
package, a set of laws to achieve at least 55% net greenhouse gas emissions reduction by
2030. These packages span across different regulatory strategies, aiming at achieving
various directives for renewable energy, energy efficiency, and the decarbonization of
transport and industry [9]. Specifically, the EU Emissions Trading System (ETS) is a
carbon pricing system based on the cap-and-trade principle, in which a cap on total
emissions is set on the most GHG-emitting sectors in Europe. To reduce emissions by
62% by 2030, its second iteration (ETS2) includes maritime transport, buildings, and
fuels to achieve further GHG emissions reduction. The Carbon Border Adjustment
Mechanism (CBAM) applies a carbon tax system to select imports to avoid relocation of
carbon emissions to other countries. The Renewable Energy Directive (RED) targets
42.5% of renewable energy consumption by 2030, achieving a 14.5% reduction in GHG
intensity in the transport sector, a 29% share of RES in the final consumption, and a 1.6%
increase in renewable use in industry. Finally, the Energy Efficiency Directive (EED)
introduces a measure to enhance efficiency, setting a target for an 11.7% reduction in
energy consumption by 2030.

This transition depends on the accelerated deployment of renewable energy sources, with
solar photovoltaic (PV) and wind turbines being primary contributors due to declining
costs and widespread availability [10]. These systems are deployable in various scenarios,
ranging from small-scale residential applications to large-scale industrial solutions. Their
ever-increasing adoption in multiple contexts depends not only on the environmental
benefits but also on economic advantages, demonstrating the feasibility of
decarbonization pathways for the energy sector. Particularly, the industrial sector is
among the largest energy-intensive sectors, mostly reliant on fossil fuels. However, due
to stringent environmental legislation, the adoption of renewable energy as a primary
source for industrial processes is becoming increasingly important. Hard-to-abate sectors,
such as heavy industry and chemicals, still require additional effort as direct RES
integration cannot be achieved due to the nature of the processes. For these applications,
alternative solutions need to be implemented, including increased efficiency and the
adoption of innovative technologies like clean hydrogen, carbon capture, and
electrification [11].

Despite the increase in the penetration of renewables in the energy system, these
technologies present technical challenges that must be addressed to ensure their safe and
reliable operation. First, photovoltaic and wind are inherently intermittent, as their energy
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output is directly dependent on the availability of primary sources, weather conditions,
and time of day. Often, peak renewable generation does not align with peak energy
consumption, resulting in oscillating production and electricity prices. Due to their
fluctuating behavior, they are referred to as Variable Renewable Energy Sources (VRES).
This limited control over power production generates imbalances between energy supply
and demand, posing challenges to the correct management of electricity grids [12].
Increased penetration of VRES in the grid additionally creates problems for frequency
and voltage regulation as well as grid inertia. Unlike conventional power plants, which
rely on the inertia of rotating machinery to produce electricity at a stable frequency, VRES
do not inherently provide such services. Instead, they are connected through power
electronics, which decouple them from the grid's natural inertia. While VRES cannot
supply inertia on their own, advanced inverter controls and other technologies can enable
them to emulate these stabilizing functions. These limitations pose significant challenges
in maintaining grid stability and ensuring reliability of electrical power systems and their
flexibility, which refers to the capability of a power system to handle fluctuations of
supply and demand across various time scales [12], [13]. Additionally, due to production
and demand mismatch, another critical challenge arises when renewable production
cannot be either fully consumed or stored, and excess production must be curtailed.
Renewable energy curtailment occurs when high levels of solar and wind penetration lead
to transmission or operational constraints and consequently economic losses, limiting the
amount of energy that the system operator can manage [14]. This measure constitutes a
loss of renewable energy utilization and a disadvantage for the economic viability of RES
investments. Curtailment is becoming ever more frequent in high VRES penetration
scenarios, such as the California grid [15].

To correctly manage electricity grids, various measures can be taken to address flexibility
challenges [16]. For very short-duration needs, ranging from a few milliseconds to 5
minutes, these measures include services like primary frequency response and frequency
regulation, which can be managed using technologies such as flywheels, supercapacitors,
and demand-side management via load shifting. Short-duration needs, typically requiring
a response within 5 minutes to 1 hour, comprise spinning and non-spinning reserves,
contingency reserve, and black start. Conventionally, gas turbines are employed to
provide spinning and non-spinning reserve services, but Energy Storage Systems (ESS)
such as Pumped Hydro Energy Storage (PHES) plants, Battery Energy Storage Systems
(BESS), and Compressed Air Energy Storage (CAES) plants can represent additional
alternatives. Intermediate duration services, between 1 hour and 3 days, include load
following for demand-supply balancing, load levelling by storing off-peak energy for
later use during peak times, unit commitment using ESS to handle scheduling
uncertainties, and energy arbitrage, which can increase the profitability of ESS. Long-
duration needs, typically on seasonal scales, require energy shifting and seasonal
arbitrage, which depend upon large storage capacities.

While direct electrification is the most efficient decarbonization pathway for many
applications, it is not a viable solution for all sectors. Hard-to-abate industries like steel
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and cement manufacturing, heavy-duty transport, aviation, and maritime shipping require
high energy density fuels and chemical feedstocks that cannot be easily replaced by
electricity. In these cases, Power-to-X (PtX) systems become possible alternatives. PtX
technologies are employed to convert electricity, produced by renewable sources, into
chemical carriers. Among those, green hydrogen is at the core of many decarbonization
solutions.

Green hydrogen, produced via water electrolysis using renewable electricity to split water
into hydrogen and oxygen, is a fundamental element supporting the goals outlined in the
European Green Deal. Hydrogen utilization for power generation in Europe is anticipated
to increase, requiring 626 TWh of electricity generation from hydrogen by 2050, from
the 12 TWh expected in 2030. By 2050, this demand will constitute 7% of Europe's
electricity generation, with variations in specific countries like Poland (17%), Ireland and
Italy (15%), and Germany (14%). In fact, by 2030, the European Union plans to produce
about 10 Mt/year and import about 10 Mt/year of low-emission hydrogen [17], and global
hydrogen production is expected to reach 2.3 Gt/year by 2030 [18]. Today, less than 0.2%
of electricity generation comes from hydrogen, in contrast to natural gas, which accounts
for up to 30%. By 2050, about 88 Mt/year of hydrogen will be required in power
generation, nearly equivalent to today’s total global annual hydrogen production [19].
Specifically, in Italy, hydrogen is predicted to meet 2% of the total energy demand by
2030, which is equal to 0.7 Mt/year of hydrogen. To achieve this, Italy plans to set up 5
gigawatts (GW) of water electrolyzer capacity. This 5 GW installation is expected to fulfil
50% of Italy's domestic hydrogen demand [20].

As of today, hydrogen is mainly produced using non-renewable fossil fuels. Specifically,
hydrogen is produced through steam reforming of natural gas (49%), partial oxidation of
hydrocarbons (29%), coal gasification (18%), and water electrolysis (4%). Its
consumption comes mainly from the petroleum industry, from ammonia production for
fertilizers, from production of methanol and other chemicals, and to a lesser extent from
metal processing and fuel cell usage [21], [22].

Hydrogen’s low volumetric density poses storage and distribution challenges. It can be
stored in gaseous or liquid form, at high pressures of 350-700 bar or liquid at -253°C, to
increase its density. Advanced materials and energy expenditures are required to increase
its energy density [22]. At small scales, hydrogen can be distributed with tube trailers or
cryogenic trucks, while pipelines are used for long-distance transport. While they can
support mild hydrogen blending, existing natural gas pipelines require modifications to
sustain hydrogen transport, due to steel embrittlement and leaks [23].

While gaseous and liquid hydrogen storage systems can be advantageous in many
applications, their shortcomings become relevant for large-distance transport and long-
duration storage. Hydrogen can alternatively be converted into other chemical carriers,
such as ammonia or various liquid organic hydrogen carriers. Ammonia, in particular,
represents a promising hydrogen vector due to its high volumetric hydrogen density, well-



established global infrastructure for production and distribution, and the possibility of
reconversion to hydrogen through catalytic cracking. Being liquid at about -33°C or at 10
bar at room temperature, ammonia has a significantly higher energy density compared to
gaseous and liquid hydrogen, allowing for more volume-efficient energy storage. Other
liquid organic hydrogen carriers are represented by toluene (which can be converted into
methylcyclohexane) and dibenzyltoluene. These systems enable hydrogen to be
chemically bound and released in certain thermal conditions, allowing its storage and
transportation in liquid form at ambient pressure and temperature.

Currently, ammonia is mostly produced with the Haber-Bosch process using hydrogen
from steam methane reforming and nitrogen from air separation. The ammonia synthesis
requires a high pressure and high temperature environment, at about 200 bar and 400 °C
[24], and it consumes approximately 41 GJ/ton (or 1.14 kWh/kg) of energy [25]. This
process is a major contributor to global CO: emissions, accounting for around 1.3% of
emissions from the energy sector and 2% of global final energy consumption [25].

Using RES for ammonia production would allow for a low-carbon alternative in both the
chemical sector and the storage and transport of renewable energy. In fact, beyond
fertilizers, green ammonia can potentially be employed in mobility as maritime fuel,
hydrogen storage, and in electricity generation [26]. The already available ammonia
infrastructure for ammonia storage and transport, well established globally, would need
minor modifications.

The need for stable operating conditions for the synthesis process, particularly needing
consistent temperature, pressure, and feedstocks of hydrogen and nitrogen, creates new
challenges when powered directly by VRES. New strategies need to be implemented to
address these issues, including integrating battery energy storage systems for balancing
energy production and demand, employing hydrogen buffering systems to ensure a stable
supply, enhancing process flexibility, and employing alternative electrochemical
ammonia synthesis routes.

In this framework, the main objective of this thesis is to develop and analyze innovative
plant configurations for the production of green hydrogen and green ammonia, in order
to maximize energy efficiency and achieve competitive production costs. The analysis
includes the development of plant configurations, the modelling and simulation of the
main components and of the fully integrated system, the study of the challenges and
constraints, with an outlook on future advancements, using technical and economic
indices.

1.2 Thesis overview
The thesis is structured in the following chapters:

e Chapter 1: Introduction to the research scope and motivation.



Chapter 2: State of the art and general overview on the main technologies and
processes involved in the hydrogen and ammonia chain, including production
from renewable sources, storage solutions, and research gaps.

Chapter 3: Description of the system configurations studied, and in-depth analysis
of the technologies considered.

Chapter 4: Discussion of the overall research approach and the methodology of
the mathematical modelling framework, encompassing thermodynamic
equations, assumptions made, and optimization strategies used.

Chapter 5: Design and analysis of integrated RES-hydrogen systems for multi-
vector production and green ammonia production assessment of levelized cost
minimization, through mathematical optimization and techno-economic
performance analysis, including addressing the main challenges.

Chapter 6: Conclusion summarizing the main findings of the thesis and outlook
providing insights into potential future research approaches.



Chapter 2
State of the art

2.1 Renewable energy generation

Renewable energy is obtained from self-replenishing natural sources, capable of
regenerating faster than they are consumed. These sources include solar, wind, hydraulic,
biomass, geothermal, and marine energy. They are characterized by a low or zero carbon
footprint during operation. By contrast, fossil fuels such as coal, oil, and natural gas are
finite resources which release significant amounts of greenhouse gas emissions,
contributing to climate change. For this reason, renewable energies are critical for the
transition to a low-carbon future. The energy sector can rely on a variety of technologies
to exploit the availability of natural sources, each with its advantages and limitations.

Solar energy harnesses radiation from the Sun as a primary source, converting it to
electricity or heat. The Sun provides about 10,000 times the total global energy
consumption [27]. The amount of energy that can be extracted depends on the
geographical location, the day of the year, and the time of the day, as well as
meteorological conditions. Two main technologies allow conversion of solar energy to
electricity: PV cells convert sunlight directly into electrical energy through a chemical
and physical reaction, while solar thermal energy uses mirrors to concentrate solar
radiation and generate heat. This heat is subsequently used to drive a conventional
thermodynamic cycle, typically by producing steam to power a turbine and generator. PV
technology has experienced rapid cost reductions and widespread deployment due to its
modularity and scalability. PV systems can be implemented at various scales, from small
residential installations to large utility-scale solar farms, making them a versatile solution
for decentralized and centralized power generation. Consequently, modern PV
technology is characterized by enhanced performance through advancements in materials,
manufacturing, and system integration. The state of the art for high-performance modules
is defined by industrial-scale perovskite-silicon modules demonstrating efficiencies of
24.4%, while more advanced micro-concentrator photovoltaic modules are capable of
exceeding 36%, and are deployed in systems with power capacities ranging from a few
kilowatts for residential applications to several hundred megawatts for utility-scale power
plants [28].

Wind energy uses turbines to extract energy from moving air by converting the kinetic
energy of the rotor into electric energy with a generator. Wind energy derives directly
from solar energy, which causes significant air flows due to the uneven distribution of
heat on a global scale. Recent wind turbines, with tall towers and large rotor diameters,



represent a significant evolution of a technology utilized since ancient times for
windmills. Depending on the location, they can be divided into onshore and offshore wind
farms. The former are located on land, usually close to the end-users, while the latter are
installed at sea to benefit from more consistent and constant winds. Like solar
technologies, wind energy installations vary significantly in size, from small residential
solutions to large industrial farms. Power generation depends on the wind speed, the
orography of the plant site, the height and rotor diameter of the turbine, and
meteorological conditions. Consequently, modern wind technology is characterized by a
significant upscaling in both physical dimensions and power ratings, particularly in the
offshore sector. The latest generation of offshore turbines is designed with nominal
powers of 15-16 MW, with some manufacturers offering models over 18 MW. These
larger models allow for reducing overall generation costs by achieving higher capacity
factors [29].

Hydropower is one of the largest sources of renewable energy, converting the geodetical
potential energy of water into electrical energy. A hydraulic turbine captures energy from
water to drive a generator, coupled with a transmission. Run-of-river hydroelectric plants
harness energy directly from the flow of a river, using specifically built infrastructure to
collect and redirect water towards a hydroelectric turbine. Their power delivery is strictly
dependent on the available water flow rate, which can vary during the year. Reservoir
hydroelectric plants exploit the difference in height between two water basins, often
artificially formed by dams. Their output depends largely on the difference in height
between the reservoirs and the volume of water transferred. Besides electricity
generation, they can serve other purposes such as providing water to downstream
communities for irrigation, drinking water, and flood control. Their ample flexibility
allows them to control the flow of water and supply electricity at certain times of the day.
Pumped hydroelectric storage plants build upon the concept of reservoir hydroelectric,
by pumping water to the higher reservoir during periods of low electricity cost and
releasing it back to generate electricity at times of high demand. Hydropower technology
is thus characterized by very high conversion efficiency, which can exceed 90% from
water-to-wire, a long operational lifetime, and a vast scalability in terms of power
capacity, with installations ranging from a few kilowatts to multiple gigawatts for large-
scale reservoir plants [30].

Biomass energy is obtained from organic matter, used as a fuel source. Biomass is a large
family of organic matter, including agricultural waste, forest residues, industrial shavings,
livestock residues, and municipal solid waste. Even though biomass energy produces CO»
emissions, the process is considered renewable due to the fact that organic matter can be
regrown, absorbing carbon dioxide during its lifespan. Biomass can be either harvested
from dedicated crops or derived from residual waste. Biomass energy can be obtained by
biochemical conversion, where microorganisms activate chemical conversions to biogas,
thermal conversion through pyrolysis or combustion to extract syngas or thermal energy,
and various physical and chemical conversions to extract biodiesel or produce solid fuels.



Geothermal energy uses thermal energy contained inside the Earth, beneath the crust. It
can be accessed through hot springs, geysers, or in volcanic areas, by extracting hot water
or steam. This energy can be used directly as heat for residential and industrial purposes
or converted into electricity with dedicated geothermal power plants. Used directly, heat
can be provided to residential and industrial areas through hot water or steam. Geothermal
power plants instead extract heat from underground reservoirs using wells and employ a
thermodynamic cycle to convert heat into electricity. Geothermal heat pumps exploit the
temperature difference between the surface air and the ground by using a heat exchanger
to provide heat to end-users.

Marine energy harnesses the kinetic and thermal energy of bodies of water to produce
electricity. Tidal energy uses ocean tides to produce electricity, while wave energy uses
turbines to produce electricity from the movement of ocean waves.

These technologies provide environmental, economic, and social benefits. Reducing
greenhouse gas emissions, compared to fossil fuels, is in fact crucial to mitigate climate
change and limit global warming. Furthermore, these technologies help to improve air
and water quality, resulting in better public health conditions. From an environmental
perspective, renewables can create new job opportunities and support local economies,
requiring specialized personnel for manufacturing, installation, and maintenance. By
reducing the dependence on the import of fossil fuels, countries become more
energetically independent and secure, being less exposed to geopolitical tensions.
Ultimately, the benefits of renewable energy are interconnected, turning the necessity for
more environmentally friendly energy solutions into an opportunity for a vast array of
economic and social benefits.

2.1.1 Challenges and limitations

Renewable energy is the key to the energy transition process, particularly in the energy
sector, where it can drastically reduce CO; emissions. Despite its significant advantages,
renewable energy still faces inherent challenges and limitations that slow its adoption and
require innovative solutions. Many renewable technologies rely on weather-dependent
sources, especially on sun and wind availability, leading to intermittent generation.
Consequently, unlike conventional power plants, which can adjust production based on
demand, the supply-side control is very limited for the most common renewable energy
plants, like solar and wind. The mismatch between supply and demand, both in terms of
time and power, creates significant challenges to grid management and stability. At times
of low primary source availability, energy production may be lower than demand and
potentially require other sources of energy to compensate. When production exceeds
demand, renewable energy may be curtailed or wasted, ultimately leading to economic
disadvantages. Forecasting weather patterns and future demand is crucial for the correct
balancing of the grid.

The existing energy infrastructure, built for conventional power systems, is often not
capable of operating with variable and distributed renewable sources. Due to their age,



these grids are not equipped to manage the dynamic behavior of large amounts of variable
power. Moreover, renewable plants are often located in remote centers, necessitating new
transmission lines to connect with the grid. To achieve an even distribution of renewables
over large territories or countries, new infrastructure is required for long-distance
transmission. Furthermore, this issue comes from the original design philosophy of the
grid. The traditional electrical infrastructure worked on a model of large-scale centralized
generation from which power was distributed in a unidirectional flow to passive
consumers. Distributed energy resources, particularly residential and commercial PV
systems, change these passive consumers into 'prosumers' who both consume from the
grid and supply power into the grid. This necessitates the management of bidirectional
power flows for which the infrastructure was not designed, introducing significant
technical challenges such as voltage fluctuations, reverse power flow, and increased
complexity in grid protection and control.

Large installations may also affect the surroundings, requiring significant land areas and
sometimes interfering with wildlife, which may restrict project implementations due to
social and political issues. Clear regulatory frameworks are therefore crucial to achieve a
widespread implementation of renewables, involving stable policies and market
strategies.

The intermittency of power generation requires efficient systems to store excess
production and reduce the mismatch between supply and demand. Energy storage systems
allow for effective storage of surplus energy generated during peak production times, to
be later provided during periods of low generation. Battery energy storage systems are
currently used widely in small to large-scale applications, but other energy storage
systems are required for an effective integration of renewables in the energy sector.

2.2 Energy storage

ESS has emerged as one of the most promising solutions for supply-demand mismatch,
allowing for storing, holding, and later releasing energy when needed. ESS enhances grid
performance by increasing the stability and flexibility of renewable energy systems,
aiding in the energy transition.

Earliest energy storage systems trace back to the 19th century, to lead-acid batteries, and
later in the development of pumped hydro storage [31]. Modern energy storage
technologies operate on various thermodynamic and electrochemical principles and can
be categorized based on the form in which energy is stored as: thermal, mechanical,
chemical, electrochemical, electrical, and hybrid systems. This chapter presents a
comprehensive analysis of the state of the art of energy storage technologies, summarized
in Figure 1. The performance of each system is evaluated in terms of its technical and
operational characteristics, including power and energy density, round-trip efficiency,
response time, lifetime, and technological maturity.
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Figure 1. Energy storage technologies.

Thermal energy storage (TES) systems store energy in the form of heat. Based on the
operating temperature levels, they can be divided into Low-Temperature Energy Storage
(L-TES), Medium (M-TES), and High-Temperature Energy Storage (H-TES) systems.
Based on the operating principle, they can be divided into Sensible Heat Storage (SHS)
systems, Latent Heat Storage (LHS), and thermochemical storage systems.

SHS systems store energy by increasing the temperature of a solid or liquid
material without changing its phase. During discharge, heat is recovered by
cooling the system. Liquid SHS typically employs water or organic liquids to store
energy at low temperatures and is combined with solid materials like concrete to
increase its temperature range. Alternatively, molten salts offer an alternative for
temperatures above 100°C, and for this reason, they are often used in concentrated
solar plants. Solid SHS include borehole and packed-bed TES systems. Borehole
TES systems transfer heat underground using boreholes, in which a heat transfer
fluid conducts heat through heat exchange pipes. Packed-bed TES is composed of
an external tank filled with rock materials, which can store large amounts of
energy by increasing their temperature. Operating cyclically, hot air or a heat
transfer fluid flows through the packed bed material, exchanging heat directly by
convection.

LHS systems use phase change materials to store energy in the form of latent heat.
When heat is added or removed from the material, it undergoes a phase change,
causing the material to transform from solid to liquid form or vice versa. Phase
Change Materials (PCM), which can be either of organic or inorganic nature, can
store 5 to 15 times more energy than conventional sensible energy storage
materials and can supply energy at nearly constant temperature.

Thermochemical energy storage systems utilize reversible chemical reactions to
store and release thermal energy. During the charging phase, heat breaks down a
chemical compound into its products. These products can then be stored
separately at ambient temperature with limited thermal losses, making the
technology particularly suitable for long-duration or seasonal storage
applications. When heat is required, the products are recombined, releasing the
stored chemical energy as heat. This technology has the highest energy storage
density among all TES technologies. However, the technology currently faces
challenges related to slow reaction kinetics and material degradation.
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Mechanical energy storage systems convert electrical energy into potential or kinetic
energy. Electrical energy is used to drive a mechanical system, which stores energy in the
form of kinetic or potential energy. These systems can be implemented at various scales
and can provide numerous services to the grid, enabling more effective renewable energy
utilization.

PHES uses electrical energy to drive a pumping system that elevates water from
a lower to an upper reservoir, converting electricity into potential energy. During
discharge, when energy is required, the system generates electricity from the flow
of water from the upper to the lower reservoir via a hydroelectric turbine. These
systems constitute about 90% of the global installed storage capacity. PHES
systems are characterized by large power capacity (from 100 MW to about 5,000
MW), long storage duration (about 4 to 20 hours), and extended operational
lifetime (from 30 to 60 years). However, their deployment is constrained by
specific geographical requirements and can result in significant environmental
impacts.

CAES systems store energy as compressed air in a dedicated reservoir, either
above ground or underground. During the charge phase, an electric motor drives
a compressor train to increase the pressure of ambient air, which is stored in a
dedicated high-pressure tank or an underground cavern. Later, during the
discharge phase, compressed air is expanded through a turbine, driving a
generator to produce electrical energy. During compression, air undergoes both
pressure and temperature increase, while the opposite occurs during expansion.
CAES technologies where heat of compression is not recovered are classified as
Diabatic-CAES (D-CAES), and additional energy is required to increase the air
temperature before expansion. Adiabatic-CAES (A-CAES) systems employ a
dedicated TES to store and later release the heat recovered during compression.
Isothermal-CAES (I-CAES) uses specific machinery to increase pressure at near
constant temperature, minimizing losses. Liquid air CAES (LAES) systems use
dedicated heat exchangers to store air in a liquid state inside a cryogenic reservoir.
Although CAES can store large amounts of energy, the low energy density of air
requires vast storage facilities. Underground air storage in salt caverns or
abandoned coal mines can offer a potential solution but limits the versatility of
these systems to only favorable geographical locations.

Gravity energy storage systems store potential energy by increasing the height of
a mass, later released to generate electricity with a generator. Long shafts can be
constructed underground using water to push a heavy mass to higher altitudes
during the charge phase. During discharge, when the flow is inverted due to the
mass pushing on water, electricity is produced with a hydraulic turbine.
Flywheels are used to store kinetic energy in a rotating cylinder. The system is
composed of a flywheel, located inside a vacuum chamber, connected to an
electrical motor/generator with magnetic bearings. Increasing its rotational speed
allows it to store more kinetic energy, later converted into electricity with the
generator during the deceleration phase. High-speed flywheels can reach
rotational speeds up to 10° rpm. These systems are characterized by very fast
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response times (in the order of milliseconds) and high round-trip efficiency (up to
95%). Due to their high self-discharge rates, they can be used preferably for short-
term storage and frequency regulation services.

Electrochemical storage systems, or batteries, store energy in the chemical bonds of their
constituent materials and convert it back to electricity through reversible electrochemical
reactions.

e Lithium-ion (Li-ion) batteries are currently the dominant electrochemical storage
technology, thanks to their high energy density, high round-trip efficiency of
about 90%, and long cycle life. Various cell chemistries are available, with
different energy density, power density, cost, safety, and lifespan. These systems
are highly modular, allowing for applications ranging from small-scale residential
systems to large, grid-scale installations for frequency regulation and peak
shaving.

o Lead-acid batteries are a mature and low-cost technology; lead-acid batteries are
widely used for off-grid applications. Their performance is characterized by lower
energy density, shorter cycle life, and lower depth of discharge compared to Li-
ion batteries. A significant drawback is the environmental impact due to the use
of lead.

o Flow batteries, such as the Vanadium Redox Flow Battery (VRB), allow for the
decoupling of energy capacity and power rating. Energy is stored in external tanks
of liquid electrolytes, while the power conversion occurs in a separate
electrochemical stack. This configuration allows for highly scalable, long-
duration storage (up to more than 10 hours), with a long lifetime and without
degradation from deep cycling. However, they currently exhibit lower energy
density and round-trip efficiency compared to Li-ion batteries.

Chemical Energy Storage (CES) systems convert electrical energy into a stable chemical
carrier, which can be stored for a long duration and used later. These chemicals can be
converted via combustion into mechanical energy and, with a generator, into electricity.
Chemical energy storage includes a variety of substances. Among these, hydrogen
derivatives such as ammonia and methanol, often referred to as e-fuels, are receiving
significant attention. CES can present a high volumetric energy density, making them
suitable for transport and as fuels in hard-to-abate sectors such as industry, aviation, and
shipping. However, a significant challenge for CES is its lower round-trip efficiency (the
ratio of the net energy recovered during discharge to the total electrical energy supplied
during charging) compared to other storage methods, due to the energy losses incurred
during the conversion steps. In particular:

e Hydrogen can be generated from water, usually by electrolysis or by
photocatalytic water splitting using solar energy. When produced using surplus
electricity, hydrogen serves as an energy storage medium because it is compressed
at high pressure, stored, and later reconverted into electricity via a fuel cell system.
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However, the round-trip efficiency of this cycle remains lower than that of most
alternative storage technologies.

e Synthetic natural gas requires hydrogen produced from water electrolysis, which
is subsequently reacted with a source of carbon dioxide, captured from CCUS, in
the methanation process. The resulting product is primarily methane, produced
with renewable energy.

e Methanol is synthesized by the reaction of green hydrogen with a carbon source
over a catalyst. Methanol can be stored in a liquid state at ambient temperature
and pressure, making it advantageous compared to gaseous hydrogen or synthetic
natural gas.

Electrical Energy Storage (EES) systems store energy directly in an electric or magnetic
field. This allows for extremely high power densities and nearly instantaneous response
times. The primary limitation of these systems is their low energy density, which
constrains their application to short-duration applications and grid stability services. More
in detail:

e Capacitors store energy in the electrostatic field generated between two
conductive plates separated by a dielectric material. They are commonly used in
many electrical applications, but due to their low energy density, they can’t
support high currents for extended periods of time.

e Supercapacitors represent a significant advancement on the principle of
capacitors. They comprise two electrodes with a large surface area immersed in
an electrolyte and separated by a porous membrane. Energy is stored
electrostatically through the formation of an electric double-layer at the interface
between the electrodes and the electrolyte. This configuration allows for a much
larger surface area and a smaller separation distance between charges compared
to conventional capacitors, resulting in significantly higher energy storage
capacity. Supercapacitors are characterized by an extremely high power density,
a nearly instantaneous response time, a very high round-trip efficiency (up to
98%), and a long lifetime. However, they are used for high-power and short-
duration applications due to the low specific energy density.

e Superconducting Magnetic Energy Storage (SMES) systems store electrical
energy directly within a magnetic field generated by the flow of a direct current
through a cryogenically cooled superconducting coil. A SMES installation is
comprised of three principal subsystems: a superconducting coil, a power
conditioning system connected to the grid, and a cryogenic refrigeration system
to maintain the coil at temperatures near absolute zero. During the charge phase,
the power conditioning system increases the current intensity in the coil. During
discharge, the stored energy is released back to the grid as the current in the coil
decreases. SMES technology is characterized by very high round-trip efficiencies
due to its extremely small losses. It also presents very short response time.
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2.3 Hydrogen as an energy carrier

Hydrogen is increasingly recognized as a versatile energy carrier. Its role is
fundamentally linked to mitigating the challenges posed by the high penetration of VRES
and can be employed as an energy storage solution. This is highlighted by the current and
projected scale of use. Global hydrogen demand in 2023 was approximately 97 Mt, with
the vast majority produced from fossil fuels, and used primarily in industrial refining and
chemical synthesis. Future demand is projected to increase significantly, although exact
future consumption is strongly dependent on policy implementation. In the IEA
Announced Pledges Scenario (APS), which assumes all targets are met on time, demand
could reach about 150 Mt by 2030. A more ambitious trajectory is defined by the Net
Zero Emissions by 2050 (NZE) Scenario, where a rapid increase in low-emission
hydrogen production should reach 35 Mt by 2030 [17].

Hydrogen is characterized by high energy density, with a Lower Heating Value (LHV)
of 120 MJ/kg. Conversely, its energy density is very low, being only 5600 MJ/m? for 700
bar compressed gas and 8000 MJ/m?® for liquid hydrogen. For this reason, storing large
amounts of hydrogen energy requires substantial volumes, leading to size constraints for
storage tanks, especially in mobile applications.

Due to its low volumetric energy density, hydrogen must be stored either under high
pressure or in liquid form. In its gaseous state, it is typically compressed to pressures of
up to 700 bar, which demands robust pressure vessels. To withstand these mechanical
stresses while keeping weight low, specialized tanks are usually built from advanced
composite materials such as carbon-fiber reinforced polymers.

Alternatively, hydrogen can be liquefied at cryogenic temperatures around 20 K, but this
process is highly energy-intensive and requires insulated tanks, increasing cost and
complexity to storage and transport. Moreover, heat transfer from the environment causes
boil-off losses, due to the continuous evaporation of a portion of liquid hydrogen, thus
requiring a constant cooling. When transported in metallic pipelines or stored in metal
vessels, another challenge is hydrogen embrittlement, which degrades the mechanical
integrity of the material and can lead to leakage.

When transported using metals, a critical issue is the embrittlement of the material, which
leads to mechanical degradation and leakage. This phenomenon affects both pipeline
transport and vessel storage.

1.1 Types of hydrogen

To differentiate between the various hydrogen production pathways and their
environmental impacts, a color classification system has emerged as the hydrogen color
spectrum. This system provides a categorizing method based on hydrogen feedstock, the
primary energy source utilized, and its associated carbon intensity [32], [33].
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Grey hydrogen is produced from fossil fuels, mainly through Steam Methane Reforming
(SMR) of natural gas and gasification of coal. It is currently the main method used for
commercial-scale hydrogen production. These technologies, being the most mature, are
the most economical methods. Its high carbon footprint, however, is a significant
disadvantage. In particular, SMR generates approximately 7.5-13 kgCO»eq/kgH> [33].

Black and brown hydrogen is produced using bituminous or lignite coal for gasification.
These are the most environmentally damaging forms of hydrogen, with a carbon intensity
of 18-25 kgCO»eq/kgH>. This method is still highly used as coal reserves are the largest
worldwide. China produces vast amounts of black and brown hydrogen at low cost, due
to its large reserves.

Blue hydrogen is derived from conventional fossil-fuel technologies, but CO; is captured
and stored with the integration of Carbon Capture, Utilization, and Storage (CCUS)
technologies. Its effectiveness in reducing greenhouse gas emissions is related to the CO-
capture rate. It is considered a low-carbon solution, which could provide a potential
pathway to mitigate the emissions of conventional technologies in the short term.
However, methane leakage throughout the natural gas supply chain constitutes a
significant limitation to its effectiveness. Depending on the CCUS technology, blue
hydrogen can have carbon intensities from 0.8 to 5.8 kgCOzeq/kgHa.

Turquoise hydrogen is produced through methane pyrolysis, by thermally cracking
methane into gaseous hydrogen and solid carbon, avoiding gaseous CO; emissions. The
solid carbon byproduct can be employed in various other industrial processes.
Nevertheless, leakage of methane from the feedstock persists, resulting in CO; emissions
of about 1.9-4.8 kgCOzeq/kgH>.

Green hydrogen is produced through water electrolysis by employing only renewable
sources such as solar, wind, or hydropower. This avoids carbon emissions during both the
electricity production and the hydrogen production processes. Green hydrogen is
therefore considered a zero-carbon approach to hydrogen production. However,
emissions associated with plant construction and end of life must be considered. When
taking into account the whole supply chain, green hydrogen's impact is estimated at 0.7
to 2.8 kgCOzeq/kgHo.

Pink hydrogen is produced through water electrolysis using electricity generated with
nuclear power. When the process includes heat from thermochemical water splitting,
purple hydrogen is produced. Red hydrogen is instead generated with high-temperature
catalytic splitting of water, powered by nuclear energy. Due to the carbon-neutral
lifecycle of nuclear energy, pink hydrogen is considered low-carbon. The carbon
emissions for these technologies vary from 0.1 kgCOzeq/kgH> for red hydrogen to a
maximum of 0.6 kgCOzeq/kgH> for pink hydrogen.

Yellow hydrogen involves powering water electrolysis with energy from the electrical
grid. Its environmental impact is dependent on the share of renewable and low-emitting
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energy sources in the grid. If the electricity grid relies heavily on fossil fuels, yellow
hydrogen presents significant carbon emissions.

White hydrogen is naturally formed and extracted from underground reservoirs. When
derived from fermenting processes induced by microbes, it is called gold hydrogen. Due
to limited research in the field, its carbon footprint needs further analysis.

Table 1 summarizes hydrogen production methods, including CO> emissions and costs
[32], [33], [34].

Table 1. Carbon emissions and costs for the hydrogen colors.

CO; emissions (kgCOzeq/kgH») | Cost ($/kg)
7.5-16 0.7-2.3

Grey

- 18-25 1.2-2.5
0.8-5.8 1-3.2
Turquoise 1.9-4.8 1.6-3.4
Green 0 1.9-8.2
0 2.2-7
Yellow Power mix dependent 4.83-13.11 (Europe)
White Unknown Unknown

2.3.1 Hydrogen production and usage

At present, global hydrogen demand is predominantly led by the refining and chemical
industries. In refineries, hydrogen is utilized for removing impurities and upgrading
heavy oil fractions into more valuable products. In the chemical industry, hydrogen is a
key feedstock to produce ammonia, primarily used for fertilizers, methanol, and other
chemical substances. Global hydrogen consumption depends by 47% on petroleum
refining, 45% ammonia production, 4% methanol production, 2% metals production, and
2% on other uses.

Currently, almost the totality of global hydrogen production is fossil-fuel based. Steam
reforming of natural gas is largely the main production technology, constituting 49% of
global hydrogen production, followed by 29% from partial oxidation of hydrocarbons,
18% from coal gasification, and 4% electrolysis. These technologies are responsible for
substantial CO2 emissions. A potential short-term solution for the energy transition is the
replacement of fossil fuel-based hydrogen with low-emission hydrogen in these existing
applications. It primarily involves using renewables to substitute fossil fuels as primary
energy sources or adopting carbon capture technologies in already established production
facilities.

Figure 2 shows the main methods for the production and consumption of hydrogen.
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Figure 2. Hydrogen production technologies (a) and hydrogen demand sectors (b).

Beyond its traditional applications, low-emission hydrogen can serve multiple purposes
to aid in decarbonizing hard-to-abate sectors: in steel production, green hydrogen can
replace coal for the steel production process; in automotive mobility, fuel cell vehicles
use hydrogen to power electric motors, with lower refueling times compared to battery
electric vehicles; in aviation and maritime transport they can be employed to power large
engines; in trains hydrogen can be employed in fuel cells to substitute diesel-powered
engines.

2.3.2 Hydrogen storage

Hydrogen is characterized by the highest gravimetric energy density of any fuel, but its
low density at standard temperature and pressure limits its volumetric energy capacity.
Hydrogen can be stored in physical-based or material-based systems.

Physical-based systems include compressed gas and liquid hydrogen. Gaseous hydrogen
is generally contained in vessels that can withstand very high pressures, typically in the
range of 350-700 bar. Since the hydrogen molecule is extremely small, it tends to diffuse
through materials. Therefore, storage tanks must be designed to minimize leakages and
sustain high pressure levels, using materials with a high tensile strength, such as austenitic
stainless steel [35].

Underground hydrogen storage is a potential solution for long-term, large-scale storage
by exploiting geological formations such as aquifers, depleted reservoirs, porous rocks,
and salt caverns. Conceptually, it is similar to natural gas storage, which is already
demonstrated, but faces new challenges due to hydrogen’s low density, viscosity, and
molecular size. For these reasons, it requires higher flow rates and larger wellbores to
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mitigate leakages due to diffusion. Its commercial use depends on technical and economic
factors, as well as regulatory limitations [36].

In contrast, maintaining hydrogen in liquid form necessitates cryogenic conditions, since
at standard atmospheric pressure its normal boiling point is —252.8 °C. Even in well-
insulated systems, heat is transferred due to the large difference in temperature between
liquid hydrogen and the external environment. For this reason, liquid hydrogen storage is
subject to continuous boil-off losses, depending on the size, shape, and thermal insulation
of the tank. Since the boil-off rate is a function of the surface-to-volume ratio, this
phenomenon is reduced for large storage tanks [35]. Therefore, liquid hydrogen storage
requires large energy expenditures both for liquefaction and for limiting the boil-off. For
this reason, liquid hydrogen can be primarily employed in air and space applications,
where the cost is not a critical problem and the gas is consumed in a short time [35].

Metal hydrides constitute a promising material-based hydrogen storage technology,
offering safety and efficiency benefits compared to conventional compressed or liquefied
hydrogen. Metal hydrides are formed through the reversible reaction of hydrogen with
specific metals or alloys, and they enable storage at moderate pressures and temperatures
while achieving high volumetric hydrogen densities. In these systems, hydrogen atoms
occupy interstitial sites within the metal lattice, and storage performance is strongly
influenced by factors such as lattice structure, particle morphology, surface chemistry,
and material purity. These characteristics make metal hydrides attractive for mobile and
stationary applications, as they reduce risks associated with high-pressure gas tanks and
cryogenic liquid tanks. However, current challenges include slow hydrogen
absorption/desorption kinetics, limited gravimetric storage capacity due to the high mass
of host metals, degradation over repeated cycles, and the need for precise thermal
management during hydrogen release. Consequently, while metal hydrides demonstrate
clear potential, further advances in alloy design, nanostructuring, and thermodynamic
behavior are required for large-scale commercialization [37].

2.3.3 Hydrogen challenges and limitations

A critical challenge for the widespread use of green hydrogen is the current production
cost, which is estimated at approximately 2.5-5 $/kg, depending on factors such as
renewable energy prices and electrolyzer investment costs. Its cost is predicted to fall
below 2 $/kg by 2030 and potentially reduce to under 1 $/kg by 2050 in optimal scenarios
[38]. Achieving this target requires a substantial reduction in the capital cost of
electrolyzer units and of the entire production cycle. Additionally, there is a need to
improve the conversion efficiency from electricity to hydrogen and then back to
electricity.

The Levelized Cost of Hydrogen (LCOH) is predominantly influenced by two key
factors: the capital expenditure (CAPEX) of the electrolysis system and the cost of
renewable electricity. The CAPEX, which includes the cost of the electrolyzer stack and
the balance-of-plant (BoP) components, is expected to decline significantly due to
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economies of scale, technological innovation, and supply chain development. In terms of
operating expenditure (OPEX), the cost of renewable electricity typically represents the
largest share of the LCOH, often accounting for 50—70% of the total. In addition, the
availability and temporal profile of renewable energy are critical determinants of
production cost. Specifically, the capacity factor, defined as the ratio of actual operating
hours to the maximum possible hours, directly affects electrolyzer utilization. A low
capacity factor, often caused by the intermittency of renewable power supply, increases
the specific cost of hydrogen, underscoring the importance of strategies that maximize
operating hours and improve overall cost competitiveness.

2.3.4 Water for hydrogen production

Electrolysis involves water splitting into hydrogen and oxygen. One of the most discussed
challenges of electrolysis is water consumption. The water consumption rate for hydrogen
production is about 9 kgH>O/kgH», or 0.27 t/MWh, considering its LHV. When
considering fossil-fuel-based hydrogen production, the water consumption can increase
further, reaching 4.1 t/MWh for pink hydrogen produced with nuclear energy and coal
gasification. This significant increase in pink hydrogen is not attributed to the electrolysis
process itself, but rather to the substantial cooling water requirements of the nuclear
power plant generating electricity. Similarly, conventional grey hydrogen production via
SMR also exhibits significant water consumption, used both as a feedstock in the
reforming reaction and for process cooling.

Therefore, while electrolysis-based green hydrogen production has a lower direct water
footprint compared to thermochemical routes that require extensive cooling, the overall
impact depends heavily on the source of electricity and the local context. The
geographical location of optimal RES, often in arid coastal regions with high solar
irradiance or strong winds, makes freshwater availability a critical constraint.
Consequently, large-scale green hydrogen facilities might rely heavily on seawater
desalination to meet their water demand. This introduces an additional energy cost to the
overall process, increasing both the cost of hydrogen and the total electricity demand.
Furthermore, the management and disposal of the byproducts produced during
desalination present a significant challenge that must be addressed to ensure the
sustainability of the entire production chain.

2.4 Ammonia as an energy carrier

Green ammonia is increasingly considered a viable alternative to green hydrogen because
it offers substantially higher volumetric energy density, easier liquefaction at moderate
cryogenic conditions (—33 °C at atmospheric pressure), and more practical storage and
transport compared to compressed or liquid hydrogen. Green ammonia is produced using
renewable energy to power the process and using green hydrogen and nitrogen from the
air. The current ammonia infrastructure facilitates the adoption of green ammonia in
many sectors, substituting conventional fossil-fuel-based production and therefore aiding
in reducing greenhouse gas emissions.
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Ammonia can be stored and transported as a liquid at about -33°C or about 10 bar at
ambient temperature. It presents a high volumetric hydrogen density of 121 kgHa/m?,
about 1.7 times higher than liquid hydrogen (70.9 kgH,/m?). Its energy density is equal
to 3.83 MWh/m® compared to 2.64 MWh/m® for liquid hydrogen. Consequently,
ammonia can store more energy in a given amount of volume and in much less demanding
conditions. Additionally, it is characterized by a low boil-off rate of about 0.025 %/day,
compared to about 0.52 %/day for hydrogen. For these reasons, ammonia is a promising
candidate for long-duration and long-distance transport, minimizing energy losses over
time.

Ammonia is currently traded globally, transported via marine vessels, and with a mature
infrastructure that is not currently available for other alternative low-emission fuels. This
network for production, storage, and transport can be exploited, significantly accelerating
its adoption as an energy carrier. The infrastructure includes refrigerated tanks, pipelines,
road transport tanks, and ships. For these reasons, ammonia can be a near-term solution
for the energy transition in many sectors such as chemical production, agriculture, and
marine transport. In 2020, global ammonia production was approximately 185 Mt. This
consumption is dominated by agricultural applications, with approximately 70% of all
ammonia used for fertilizers. The production of urea is the largest driver, accounting for
around 55% of total ammonia demand, with approximately 75% of urea used as a
fertilizer. Only about 2% is used for the direct application of ammonia to pastures. The
remainder, about 30%, is used in industrial applications such as the manufacturing of
plastics, explosives, and synthetic fibers, or as a chemical agent in the form of urea to
reduce nitrogen oxide (NOx) emissions from power plants and diesel engines [39].

Several potential trajectories for ammonia consumption are estimated up to 2050. In the
Stated Policies Scenario of the IEA, total ammonia production for conventional uses is
expected to grow by 37%, reaching 253 Mt by 2050. In the Sustainable Development
Scenario and the Net Zero Emissions by 2050 Scenario, demand for ammonia should
lower to 230 Mt, due to the projected increase in fertilizer efficiency use. These scenarios
also highlight the use of ammonia as an energy carrier. An additional 125 Mt of ammonia
is expected to be used as maritime fuel and for power generation by 2050. Therefore, the
total consumption is expected to increase to 355 Mt. The most ambitious scenario projects
a total consumption of 568 Mt of ammonia by 2050, considering power generation and
transport [39].

Conventional ammonia production relies mainly on fossil fuels, primarily methane via
steam methane reforming or coal gasification, to produce hydrogen. This reliance on
fossil fuels makes ammonia a significant contributor to global greenhouse gas emissions,
accounting for approximately 1.8% of annual carbon dioxide emissions. It is, therefore,
crucial to develop pathways to decarbonize the ammonia industry. As a first step, green
ammonia can be utilized to substitute conventional ammonia, reducing its carbon
footprint. Second, it can be used as an energy carrier in other hard-to-abate sectors.
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Currently, green ammonia research is focused on developing small, distributed
production facilities, particularly in locations with agricultural needs. In fact, the vast
majority of ammonia is used for agricultural fertilizer production.

However, this approach introduces significant operational challenges, primarily related
to the intermittent nature of renewable energy sources. The conventional Haber-Bosch
process, which is the dominant technology for ammonia synthesis, operates most
efficiently under steady-state conditions at high pressures and temperatures. Integrating
this process with fluctuating power from solar or wind energy requires innovative process
control strategies, energy storage solutions such as BESS or hydrogen storage, and
flexible operation to maintain high efficiency.

To overcome the limitations of the Haber-Bosch process at small scales, alternative
synthesis technologies are also being investigated. These include electrochemical
synthesis, producing ammonia from water and nitrogen at ambient conditions, potentially
offering a more direct and flexible integration with RES. While promising, these
technologies currently face challenges related to low Faradaic efficiency, catalyst
stability, and low production rates, and are therefore at a lower Technology Readiness
Level (TRL).

Table 2 summarizes the key performance metrics for the most promising energy carriers.
Pure hydrogen presents a high LHV, but a very low volumetric energy density. Even in
the liquid state, its energy density is still lower compared to other fuels. Ammonia can be
stored in milder conditions, but it shows low hydrogen content and low LHV. Liquid
methane has the highest volumetric density but needs more demanding storage
conditions.

Table 2. Electrochemical properties of the main energy carriers [26], [40], [41].

LHV Volumetric energy Hydrogen Storage

(MJ/kg) density MJ/m?®)  (wt%) conditions
Ammonia 18.6 12.679 17.6 -33°C/ 1 bar
Liquid hydrogen  120.1 8.502 100 -253°C /2 bar
Gaseous hydrogen 120.1 4.823 100 25°C/700 bar
Liquid methane 48.6 20.527 25.1 -162°C/ 1 bar
Methanol 19.9 15.741 12.6 25°C/ 1 bar

2.5 Research gaps and thesis contribution

The review presented in this chapter highlights the significant advancements in individual
renewable energy, energy storage, and chemical conversion technologies. The transition
towards a decarbonized energy sector depends on the deployment of these systems.
However, this analysis also shows that several research gaps currently limit the optimal
design and integration of such energy systems.

While the existing literature offers extensive insights into the performance of individual
components, further analysis is required at the integrated system level. In particular, the
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integration of hydrogen production and use in efficient energy systems must be analyzed
to identify plant configurations that can synergically exploit surplus VRES production to
reduce green hydrogen technical and economic drawbacks. Additionally, the operational
mismatch between the variability of VRES generation and the steady-state demands of
processes like the Haber-Bosch loop requires further investigation. Some existing works
consider simplified approaches for the challenges of optimizing buffer technologies.
Moreover, the assumption that surplus electricity can be consistently sold to the grid is
increasingly less applicable. Therefore, comprehensive system studies are required to
assess how integrated configurations can improve economic performance by utilizing
otherwise curtailed energy.

To address these identified gaps, a mathematical framework is designed in this thesis to
analyze and optimize the design and operation of integrated green hydrogen and green
ammonia production systems. These models are applied to conduct a techno-economic
analysis under realistic grid constraints, including VRES curtailment, to evaluate the role
of these systems in providing grid flexibility. The thesis further contributes by providing
an assessment of different multi-vector energy systems, including the integration of
hydrogen with mechanical storage and its use in dedicated green ammonia production.
Additionally, the work also investigates critical resource consumption by evaluating the
water footprint of large-scale electrolysis and the viability of seawater as an alternative
to freshwater sources.
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Chapter 3

System configuration and processes

3.1 General framework for integrated energy systems

In this thesis, energy systems are developed and analyzed to address the challenges of
VRES production, especially from PV plants. In these integrated systems, hydrogen is
employed not only as an energy vector for storing and recovering energy, but also as a
chemical feedstock for downstream processes. The configurations investigated in this
thesis leverage green hydrogen to achieve these objectives. While each configuration
addresses specific applications, they all originate from the framework illustrated in the
general diagram in Figure 3.

| PV-H2-CAES
—> Grid
VRES > =@—> FPV-PHES-AEM
Water Hydrogen
electrolysis storage Ammonia
—
production

Figure 3. General system integration framework

In all configurations, the primary energy that powers the processes is directly provided
by the VRES plant. An Energy Management Strategy (EMS) is applied, in each
configuration, to divide the energy flow into its main components: the energy system
itself, the water electrolysis process, and the grid for managing surplus production.

Following the general scheme, three configurations are studied:

- PV-H2-CAES configuration: in the first configuration, hydrogen is used
as a carbon-free fuel in a diabatic CAES system. In this layout, renewable
energy is used to power both the CAES system and a PEM electrolyzer,
such that hydrogen is produced, stored, and used on-site.

-  FPV-PHES-AEM configuration: the second configuration analyzes the
integration of hydrogen production via an AEM electrolyzer into an
existing PHES facility, where all the primary energy is provided by a
Floating Photovoltaic (FPV) plant.
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- Ammonia production configuration: the third configuration examines a
fully dedicated green ammonia production plant. In this system, hydrogen
serves as a primary feedstock for the Haber-Bosch synthesis loop.

3.1.1 Integrated CAES configuration

Among the energy storage technologies characterized by medium-high storage capacities,
CAES systems are one of the most interesting options, potentially more cost-effective
compared to batteries and somewhat comparable to pumped hydro systems [42]. Thanks
to their suitability in providing flexibility services, CAES are TMES systems have
recently regained attention, despite the fact that their technology is not novel: in fact, the
Mclntosh [43] and Huntorf [44] plants have been operational for over 30 years. Like A-
CAES systems, the hydrogen-powered D-CAES concept avoids the use of fossil fuels but
overcomes the flexibility limitations through the introduction of electrolyzers, whose
operational range is much broader. The Net Zero 2050 scenario, in which the electricity
output from unabated methane is foreseen to virtually disappear [1], requires that the
hydrogen used by these Hz-powered D-CAES systems comes from RES. In the
configuration analyzed in this thesis, a diabatic CAES plant is fueled with green
hydrogen, produced directly on site, powered by a PV plant. The CAES system
considered originates from the McIntosh plant, which consists of a compression train with
four compressors, an air storage unit, a turboexpander train with two turbines, two
combustion chambers, and a regenerator. The energy management strategy is devised so
that the plant operations are dependent on the production profile of the PV plant, using
surplus electricity to generate hydrogen.

3.1.2 Integrated PHES configuration

PHES is among the most mature energy storage technologies, currently representing 96%
of global energy storage capacity [45]. The plant considered is derived from an existing
facility, which includes a 20 MW Francis turbine for electricity generation and 6 electric
pumps that can operate individually or in parallel with a power range from 600 kW to 6
MW. In the configuration analyzed, an FPV plant provides the primary energy that
powers the pumps, while its surplus production is directly employed for green hydrogen
production. Apart from the hydrogen generation, the introduction of the hydrogen
production section also allows for reducing the imbalances on the power grid caused by
the FPV-PHES system. This way, the integrated system can decouple FPV electricity
production from feed-ins, as well as produce hydrogen for external uses.

3.1.3 Integrated ammonia production configuration

The integrated ammonia production configuration is developed with the aim of generating
green ammonia from VRES. The system comprises a photovoltaic plant, a battery energy
storage system, a proton exchange membrane water electrolyzer, a hydrogen storage unit,
and a Haber-Bosch reactor for ammonia synthesis. A Mixed-Integer Linear Programming
approach is employed to optimize component sizes and operation scheduling, with a
target annual production of 1 kton of ammonia. The performance of this configuration is
assessed by conducting a techno-economic optimization of a photovoltaic powered green
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ammonia production system, operating under grid curtailment conditions, to minimize
the levelized cost of ammonia. Two curtailment scenarios are considered: one in which
surplus electricity sold to the grid is valued at the Levelized Cost of Electricity, and an
extreme scenario where surplus electricity has zero value.

3.2 Water electrolysis

Hydrogen is essential for each of the configurations considered. High-purity hydrogen
from renewable sources is achieved through water electrolysis. This process is inherently
energy-intensive, requiring a minimum energy input corresponding to the formation
enthalpy of water (285.9 kJ/mol), which corresponds to a theoretical specific energy
consumption of 3.55 kWh/Nm?. However, the power consumption for commercial
industrial electrolyzers is higher, around 4.5 to 5.0 kWh/Nm?®. The overall cell reaction
can be described by:

1

Four main technologies for hydrogen production through water electrolysis are currently
available [46]: Alkaline, Proton Exchange Membrane, Solid Oxide Electrolyzer Cell
(SOEC), and Anion Exchange Membrane (AEM). Alkaline electrolyzers are the most
commercially mature and cost-effective, offering high efficiency but with slower
response times. PEM electrolyzers show fast response times, high efficiency, and operate
at lower temperatures, but require precious metal catalysts, making them more expensive.
SOEC electrolyzers stand out for their higher efficiencies due to their operation at high
temperatures, though they are limited by longer start-up and response times. AEM
electrolyzer, which is now a mature and commercially available technology, has recently
gained interest in research and industry, due to the use of cost-effective catalysts, low
concentration alkaline solutions [47], and low LCOH when PV-powered (4 $/kg) [48].

3.2.1 Alkaline electrolysis

Alkaline Water Electrolysis (AWE) represents the most mature and commercially
established technology for hydrogen production, due to its long operational lifetime that
can exceed 90,000 hours, and comparatively low capital costs [49]. This economic
advantage depends primarily on the use of a highly alkaline liquid electrolyte, typically
an aqueous solution of potassium hydroxide (KOH) or sodium hydroxide (NaOH). This
allows for the use of cost-effective non-noble metal electrocatalysts such as nickel, for
both the anode and cathode [50]. The system architecture employs a porous separator or
diaphragm to physically separate the resulting hydrogen and oxygen gas streams while
allowing for the transport of hydroxide ions (OH") from the cathode to the anode. The
fundamental electrochemical processes occurring at the electrodes are expressed by (3.2)
and (3.3).
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1
Anode 20H™ - H,0 + 502 + 2e” (3.2)

Cathode 2H,0 +2e¢~ - H, +20H™ 3.3)

Commercial AWE systems typically operate at temperatures between 70-90 °C and
pressures below 30 bar, with current densities in the range of 0.2 to 0.4 A/cm?.

The performance of AWE depends on the total cell voltage, which is a sum of the
thermodynamic reversible potential (equal to 1.23 V at standard conditions) and
significant voltage losses from various overpotentials. The activation overpotential,
particularly at the anode, is a significant problem due to the kinetics of the oxygen
evolution reaction, which requires substantial energy to initiate. The ohmic overpotential
is a cumulative resistance from the electrodes, the diaphragm, and the electrolyte. This
resistance is further increased by the formation of hydrogen and oxygen gas bubbles,
which adhere to the electrode surfaces, blocking active catalytic sites, and decreasing the
effective conductivity of the electrolyte [50], [51]. The zero-gap geometry, where
electrodes are directly in contact with the diaphragm, significantly reduces the ohmic
resistance, allowing for higher operational efficiency [51].

These characteristics create some challenges for dynamic operation, particularly when
coupled with intermittent VRES. The systems are generally designed for steady-state
operation, and their relatively slow dynamic response presents a significant challenge for
flexible operation. The dynamic range of AWE is typically 15-100% of its nominal load.
Below this minimum value, the correct operation of the electrolyzer becomes problematic
due to the increase in gas crossover through the porous diaphragm. Consequently, this
reduces the purity of the produced hydrogen and can lead to safety risks [49].

Consequently, research is focused on overcoming these limitations with various
approaches. In order to reduce the activation overpotential, researchers are developing
advanced electrocatalysts with high surface areas, such as Ni-wire meshes dipped in zinc,
Ni-Co alloy nanowires, and complex nanostructures [50]. Innovative separator materials,
such as composites of Zirfon with ZrO- or Al>Os, which offer lower ionic resistance, allow
for minimizing gas crossover. This results in improved efficiency and safer operation at
lower current densities. Dynamic modeling is being used to design control strategies that
can optimize electrolyzer performance under fluctuating power inputs. Recent
experimental work has demonstrated that single-cell alkaline electrolyzers can respond
rapidly to current variations [49]. For electrolyzers with a narrow dynamic range, large
electrochemical storage systems are required to balance the variable power input from
VRES with the power requirements of the electrolyzer.

3.2.2 Proton Exchange Membrane

Proton Exchange Membrane (PEM) water electrolyzers are a mature and highly dynamic
technology for hydrogen production. PEM electrolyzers present a solid polymer
electrolyte, typically a perfluorosulfonic acid membrane such as Nafion, which functions
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as both a proton-conductive medium and a physical separator for the gaseous products
[52], [53]. At the anode, water is oxidized in the oxygen evolution reaction to form
molecular oxygen, hydrogen ions H' and electrons. The H" migrate through the
membrane to the cathode, where they combine with electrons in the hydrogen evolution
reaction, forming hydrogen gas. The specific reactions are expressed in (3.4) and (3.5).

Anode 2H" +2e~ > H, (3.4)
1
Cathode 2H,0 - H, + E0 (3.5)

The PEM cell is composed of a Membrane Electrode Assembly (MEA), which consists
of the membrane with catalyst layers, between porous Gas Diffusion Layers (GDLs).
Outside, two Bipolar Plates (BPs) are used to manage the transport of water, gases, heat,
and electrons [52], [53]. PEM electrolyzers operate under moderate temperatures,
typically 50-80°C, and at high pressures of 20-70 bar [54]. They usually operate at
nominal current densities of 1-2 A/cm?, with high efficiencies of up to about 80% [52].

A key advantage of PEM technology is the fast response time and dynamic performance.
When supplied with rapid changes in input current, these electrolyzers can reach steady
state rapidly [54]. These characteristics make them suitable for VRES implementation, as
they are able to follow rapid power input variations. However, a significant challenge
comes from the high capital cost, which depends on the material requirements. PEM
electrolyzers require platinum-group metal catalysts, which contribute significantly to
increasing their costs [53], [54]. The bipolar plates and gas diffusion layers can account
for about two thirds of the stack cost [53]. Due to the larger dynamic range compared to
alkaline electrolyzers, PEM systems are more compliant with variable power inputs from
VRES, allowing for reduced electrochemical storage requirements.

3.2.3 Anion Exchange Membrane

AEM water electrolysis is an emerging technology that aims at offering the combined
benefits of AWE and PEM [47], [55]. This system uses a solid polymer membrane to
facilitate the selective transport of hydroxide ions OH™ from the cathode to the anode,
allowing for the use of non-precious metal catalysts, similar to AWE [56], [57]. This
mechanism is described in (3.6) and (3.7).

1
Anode 20H™ - H,0 + 502 + 2e” (3.6)
Cathode 2H,0+2e~ - H, + 20H™ (3.7

AEM electrolyzers allow for the use of low-cost transition metals like nickel, cobalt, and
iron, for both the OER and HER [55]. In contrast with PEM electrolyzers, these systems
do not rely on scarce and expensive platinum group materials. Currently, AEM
technology allows for achieving the benefits of PEM systems, such as compact zero-gap
cell designs to minimize ohmic losses, while allowing for high-pressure operation and
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rapid dynamic response. For these reasons, AEM is being studied for coupling with VRES
production to reduce green hydrogen costs [56]. Since their dynamic range allows for
easier coupling with VRES, AEM does not require large battery storage systems.

AEM electrolyzers typically operate at temperatures between 40°C and 80°C and can
achieve current densities of about 1 A/cm?. Further studies show potential for up to 2
A/cm?, which makes it competitive with established technologies [47], [58]. However,
this technology still requires research to increase commercial deployment. A significant
challenge is the limited chemical stability and durability of AEM in high-pH
environments, which limits its lifetime due to high degradation [57].

3.2.4 Solid Oxide Electrolysis Cell

SOEC uses solid ceramic membranes as an electrolyte. A key operational characteristic
of SOEC is the requirement for very high operating temperatures, typically in the range
of 600900 °C, which results in high conversion efficiencies due to favorable
thermodynamics and reaction kinetics [59], [60]. Compared to PEM, from a
thermodynamic point of view, SOEC requires less electric power at nominal temperature
conditions [61]. A large portion of the energy required for the electrolysis process is
supplied in the form of heat, allowing for the integration in industrial processes or power
generation systems where high-temperature waste heat can be recovered and utilized,
significantly reducing the specific electric energy consumption and enhancing the overall
plant efficiency [60], [62]. The point at which the heat generated by the resistance of the
cell is equal to the heat demand of the reaction is the thermoneutral voltage, equal to 1.29
V at 800 °C. Below this voltage, external heat input is required, while above it results in
an exothermic process generating excess heat [59], [63].

The process requires steam, which is fed to the porous cathode, where electrical potential
allows hydrogen gas and oxygen ions to form. These ions are transported across the
electrolyte, usually yttria-stabilized zirconia (YSZ), to reach the anode, where oxygen gas
is formed. The reactions are expressed by (3.8) and (3.9).

1
Anode 0% - 02+ 2¢” (3.8)

Cathode H,0+2e~ —> H, + 0%~ (3.9

The high operating temperatures of up to 900 °C allow for reaching the highest
efficiencies among electrolysis technologies, while operating at ambient pressure. SOEC
can also operate at high current densities and lower overpotentials, which lead to energy
efficiency up to 14% higher than PEM at 1 A/cm? [61]. Due to their demanding thermal
operating conditions, SOEC might need large battery energy storage to support VRES in
providing the thermal energy required.

However, the high temperatures also lead to challenges for long-term durability, which
limit industrial implementation. Degradation of the components is a critical problem,

29



which requires extensive research to develop stable materials and optimized operational
strategies [60].

Table 3 summarizes the key characteristics of water electrolysis technologies.

Table 3. Main characteristics of water electrolysis technologies.

Alkaline PEM AEM (anion) SOEC
Nominal current density 0.2-0.8 1-2 0.2-2 0.3-1
[A/cm?]
Operating temperature 70-90 50-80 40-60 700-850
[°C]
Cell pressure [bar] <30 <70 <35 1
H, purity [%] 99.5-99.9998  99.9-99.9999  99.9-99.9999  99.9
Efficiency [%] 50-78 50-83 57-59 89
Stack lifetime [h] 60000 50000 - 80000  >30 000 20 000
Cell area [m?] <4 <0.3 <0.1 <0.01
Lower dynamic range 10-40 0-10 5-15 >30
[70]
System response seconds milliseconds milliseconds  seconds
Cold start time [min] <60 <20 <15 <60
Capital cost [€/kWe] 1000-1200 1860-2320 800-1500 >2000

3.2.5 Water for hydrogen production

Water has a critical role in the ammonia production process, being the primary feedstock
for electrolysis for hydrogen production. Unlike renewable electricity, water is physically
constrained, and its availability varies in different regions.

The fundamental electrochemical reaction for water splitting provides a stoichiometric
requirement of about 9 kg of water to produce 1 kg of hydrogen. However, this is a
theoretical ideal value, and industrial hydrogen production plants require not only the
electrolysis section but also ancillary systems for water treatment and cooling, which
significantly increase the overall water demand [64]. The total water withdrawal for
alkaline electrolysis is as high as 32.2 L/kgH>, about 3.6 times higher than the theoretical
consumption [64]. The difference between these two values is mainly due to the water
consumption required for cooling. Furthermore, the quality of the freshwater feed is
critical, particularly for PEM electrolyzers. These systems are highly sensitive to
impurities and require high-purity deionized water [65], [66]. For this reason, most
hydrogen production plants currently include an on-site purification system, which
consumes a small fraction of additional water and energy.

While the water intensity of electrolysis is significant, its impact on freshwater sources
may not be critical when compared with other users’ consumption. As a matter of fact,
the global water demand for future large-scale green hydrogen production could be
negligible compared to existing water uses, particularly agriculture and industry [67]. In
some cases, large-scale hydrogen production could also reduce water consumption
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compared to current fossil fuel energy production. However, this depends on local and
regional water availability conditions. About 35% of global planned green and blue
hydrogen production plants are located in highly water-stressed regions [64]. Providing
freshwater to hydrogen production plants in those areas can generate new problems for
local uses. Therefore, in such regions, research on seawater use for electrolysis is
essential.

3.2.6 Seawater for hydrogen production

Seawater constitutes over 96% of the total water available, and can be an alternative to
freshwater sources, especially in water-stressed regions [66]. Two fundamental methods
for seawater use are indirect seawater electrolysis and direct seawater electrolysis. The
indirect method uses mature desalination technology to produce freshwater for
conventional electrolyzers, while the direct method requires seawater splitting in newly
developed electrolyzers.

The indirect method involves a two-step process, where an industrially mature technology
such as seawater reverse osmosis (SWRO) is employed for desalination, followed by
conventional water electrolysis. The main challenges regard economic and energetic
aspects. However, the cost associated with desalination is marginal when compared to the
overall cost of hydrogen production. Due to the specific energy consumption of SWRO,
the overall consumption for desalination is almost negligible compared to water splitting,
as is the capital cost. Overall, the cost of desalination is about 1% of the total cost of green
hydrogen [65], [68]. Additionally, this two-step process only increases CO; emissions by
about 0.1% [65]. Therefore, the existing SWRO infrastructure can provide a
technologically ready solution for accelerating green hydrogen production even in areas
of scarce freshwater availability and even provide additional purified water for local
communities. However, a major challenge concerns the environmental impact of water
desalination, which can discharge byproducts at sea due to the use of additives for water
treatment.

Direct seawater electrolysis is currently being investigated as a potential one-step solution
to hydrogen production from seawater. By avoiding the need for an external desalination
unit, the design can be much more compact and simpler [69]. However, seawater as the
electrolyte presents various challenges. Seawater is not only saline water, but it also
contains various ions, organic matter, and dissolved gases. During electrolysis, chlorine
gas is released, leading to degradation of the components [66], [69].

3.3 Ammonia production technologies

Figure 4 illustrates the functional layout of a hydrogen and ammonia production plant.
The essential energy and material flows are represented by continuous lines, while the
optional energy and material flows are represented by dashed lines. The input power for
the system can be provided by a RES plant, such as a photovoltaic plant or a wind turbine
plant, but it can also be integrated by the grid. The electrolyzer utilizes electrical energy
and water to produce hydrogen and oxygen. Ammonia synthesis requires hydrogen and
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nitrogen, where the latter is obtained from an Air Separation Unit (ASU), also generating
oxygen. An optional BESS can be included in the plant layout to stabilize the RES plant
power fluctuations and provide continuous input power to the components of the plant.
Additionally, a desalination unit can produce high-purity water. Dedicated hydrogen and
ammonia storage systems are used to regulate the output flows.
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Figure 4. Green ammonia plant configuration.

More in detail, the system's primary power is supplied by a RES source such as a
photovoltaic array or wind farm. To address the inherent intermittency and variability of
RES generation, a BESS allows for absorption of surplus power during peak generation
and releases it to ensure operational stability during periods of low or no generation.
Furthermore, a grid connection allows the plant to either draw power to maintain
continuous operation or export surplus electricity, thereby creating potential revenue and
contributing to grid stability.

The electrolyzer, which consumes a significant share of the electrical energy to perform
water electrolysis, produces hydrogen and oxygen from water splitting. The essential
material input is high-purity water, which can be provided either by an optional
desalination unit, particularly relevant for installations utilizing seawater as a primary
water source, or by freshwater sources. The electrolysis process yields the essential
hydrogen feedstock for ammonia synthesis and a potentially valuable oxygen byproduct.

In parallel, the ASU is powered by the RES to process atmospheric air, providing the
essential nitrogen stream required for the synthesis reaction, while also producing an
additional stream of byproduct oxygen. The hydrogen and nitrogen streams are the
feedstock input for the NHs synthesis unit, typically a Haber-Bosch reactor, where they
are catalytically converted into ammonia.
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The Haber-Bosch process, first commercialized in the early 20th century, is still by far
the most widespread industrial ammonia production technology. Its use is mainly adopted
in the fertilizer industry. The process allows for the synthesis of ammonia from its
elemental components, nitrogen, and hydrogen. While nitrogen is extracted from air
through cryogenic or pressure systems, hydrogen is primarily derived from fossil fuels
through steam methane reforming. To develop carbon-free pathways for the energy
transition, it is fundamental to conduct research on the chemistry and engineering of the
ammonia synthesis loop and finally achieve industrial green ammonia production
solutions.

To decouple the variable production rates from the operational requirements of
downstream processes, the configuration includes optional tanks. A dedicated HSS can
act as a buffer, absorbing fluctuations in hydrogen production from the electrolyzer and
ensuring a stable, continuous feed to the synthesis unit, which often requires steady-state
conditions for optimal efficiency. Similarly, the Ammonia Storage System (NH3SS) can
be employed to store the final product, allowing for strategic management of output flows
to align with market demand or transportation logistics. The final outputs of the plant
consist of the primary product, ammonia, along with potential byproducts such as oxygen,
hydrogen, excess purified water, and electricity.

3.3.1 Haber-Bosch process for green ammonia production

Currently, the process is driven by electrical energy from the grid, and hydrogen is
extracted from methane via SMR. Achieving green ammonia production requires
adopting RES as the primary energy for each step of the entire process. The core synthesis
loop remains the same, but inputs and operational strategies are adapted to operate under
RES conditions.

The most significant modification is the complete replacement of the SMR unit. In a green
ammonia plant, the feedstock is supplied by two electrically powered units: a water
electrolysis unit for green hydrogen production and an ASU for nitrogen production.
Therefore, the primary inputs for the plant no longer require natural gas and steam, but
only water, air, and renewable energy [26]. All processes are therefore driven by
electricity, including the ASU, which in principle remains the same, but uses electric
motors instead of steam turbines used in large-scale applications.

An important aspect to be considered in the implementation of RES in the ammonia
production system concerns heat integration. In conventional plants, the heat generated
from the HB exothermic reactor is used to provide heat to the SMR process. Without the
SMR, heat must be managed differently. Some proposed solutions include using heat to
drive a steam turbine in a Rankine cycle, generating electricity [53]. While enhancing the
overall process efficiency, this solution, however, increases capital costs. Another
approach is the integration of a high-temperature Solid Oxide Electrolysis Cell (SOEC) in
the system. Heat from the ammonia synthesis loop (exothermic) can be provided to the
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SOEC (endothermic) to produce hydrogen, significantly reducing the electricity
consumption of the electrolysis step [53].

3.3.2 Ammonia synthesis
The fundamental ammonia synthesis reaction is exothermic and is described by the
chemical equation (3.10)

N, + 3H, @ 2NH; + 46.1 k] mol™? (3.10)

In the equation, the equilibrium conversion of reactants to products depends on the
temperature, pressure, and concentration of the species. Since the reaction is exothermic,
lower temperatures favor a higher equilibrium concentration of ammonia. Moreover,
higher pressure shifts the equilibrium towards the product side, favoring the formation of
ammonia. The ammonia equilibrium concentration can approach 100% at low
temperatures and high pressures [70]. However, at low temperatures, the reaction kinetics
are extremely slow for industrial applications. The most critical challenge is associated
with the dissociative adsorption of dinitrogen, which is the rate-limiting step in the overall
reaction [70]. The N triple bond requires significant breaking energy, making the process
feasible only at high temperatures. Therefore, in the Haber-Bosch process, high
temperatures are required to achieve industrial production rates, but at the same time, this
results in an unfavorable equilibrium, reducing the maximum yield. For this reason,
modern systems operate a recycle synthesis loop with a single-pass conversion rate of
approximately 10-15%, at temperatures of about 400-500 °C [70], [71].

3.3.3 Nitrogen production
Apart from green hydrogen, ammonia production requires gaseous nitrogen as feedstock
for the reaction process. Nitrogen must be extracted from air in a dedicated ASU [26].

In large-scale applications, ranging from 1,000 to over 3,000 metric tons per day, the most
widely adopted technology is cryogenic distillation, where atmospheric air is cooled to
condensation, causing the gases to separate based on their different boiling points [72].
The different boiling points are -196 °C for nitrogen, -183 °C for oxygen, and -186 °C for
argon. These systems can produce highly pure nitrogen, but they are generally energy-
intensive processes. In smaller applications of approximately 20 to 300 metric tons per
day, Pressure Swing Adsorption (PSA) is used as an alternative way to produce nitrogen
from air. Composed of a membrane separator and operating at high pressure, these
systems, in general, offer better dynamic response [73].

Like the other components of the plant, the ASU has operational constraints regarding
cyclical operation and frequent startup and shutdown procedures. To achieve a stable
feedstock of nitrogen for the HB unit, a buffer tank is required. Current nitrogen
infrastructure is highly developed and industrially mature, allowing for addressing
storage issues without significant modifications [74], [75]. Additionally, similarly to
electrolyzers, the ASU generates high-purity oxygen as a byproduct, which can provide
additional revenues [76].
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3.3.4 Haber-Bosch synthesis loop

The primary components of the synthesis loop are: a compressor, an ammonia converter,
and a condenser for the separation of the product [70]. A schematic representation of the
Haber-Bosch loop is presented in Figure 5.
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Figure 5. Haber-Bosch synthesis loop.

The first component is the compressor, where syngas composed of high-purity hydrogen
and nitrogen is compressed to very high pressures, typically between 140 bar and 200 bar
[53]. In large-scale plants, multi-stage centrifugal compressors are employed.

After compression, the syngas flows into the converter, a catalytic reactor where ammonia
is synthesized. The most critical component, fundamental for the reaction, is the ammonia
catalyst. As discussed, low temperatures favor high equilibrium conversion but slow
reaction kinetics, while high temperatures accelerate the reaction, reducing the yield. The
role of the catalyst is to increase the rate of reaction without worsening the equilibrium
[73].

Currently, industrial ammonia catalysts can be fused iron based or supported metallic
catalysts. Fused-iron catalysts are the most common in industrial applications, and they
are derived from iron oxides such as hematite (Fe20s), magnetite (FesOa), or wiistite (Fei-
x0). Supported metallic catalysts are based on ruthenium (Ru) or cobalt (Co), supported
on a less expensive material to reduce overall costs and increase catalyst activity.
Generally, supported metallic catalysts offer a higher activity at lower temperatures
compared to fused-iron catalysts [70]. Research on advanced catalysts is focused on
increasing activity at low temperatures. Electrides in supported catalysts offer the ability
to donate electrons effectively, improving on the rate limiting step of N> adsorption [70].
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As the process is exothermic, heat dissipation is important to ensure that the catalysts can
operate in nominal conditions. In industrial applications, ammonia converters can be
classified based on cooling technology, either as quench converters or tube-cooled
converters.

Quench converters are the most common design, and they employ multiple adiabatic
catalyst beds in series. The gas passes through each bed as the temperature increases. A
cold unreacted feed gas is passed through each bed, lowering the temperature of the main
gas [53], [70].

Tube-cooled converters include an internal heat exchanger composed of tubes running
through the catalyst bed. The cold feed gas, flowing through these tubes, extracts heat
from the main gas, preheating itself while removing heat from the catalyst bed [70].

Finally, the last step includes cooling and separation of the feed gas. After exiting the
reactor, a series of heat exchangers is used to extract heat from the gas, and usually
recycled to preheat the inlet flow, increasing the overall efficiency of the process. Then,
a condenser brings the temperature to the boiling point of ammonia at -33.4 °C, which is
used to liquefy ammonia. A high-pressure separator removes liquid ammonia from the
product, leaving unreacted hydrogen and nitrogen to be recycled back in the compressor
at the beginning of the loop, where they are mixed with fresh syngas [71].

3.3.5 Challenges of Haber-Bosch integration with VRES

The most critical challenge for green ammonia production is managing the imbalance in
production and consumption, derived from the intermittency of VRES like wind and
photovoltaic power plants. Industrial HB plants are optimized for steady-state operation,
and frequent startups and shutdowns, as well as ramping up and down, can damage the
catalysts, increase degradation, reduce the lifetime, and generally worsen the efficiency.
Various strategies can be employed to partially decouple the VRES power supply from
the steady-state HB operation, including a buffer hydrogen storage system.

Using high-pressure tanks, hydrogen production can be offset from ammonia production,
allowing for the exploitation of the electrolyzers' dynamic response to better adapt to RES
variations, while the HB synthesis loop can run continuously at or near its optimal design
point by using stored hydrogen at times of low or no power generation [26]. A critical
aspect is the sizing and operation scheduling of the hydrogen buffer tank: large storage
volumes allow for better decoupling from HB operations at the expense of increased
capital costs, while small storage volumes require advanced operational management
strategies for HB scheduling with lower investments.

Future developments include flexible synthesis loop operation. HB operation flexibility
is defined as the ability of the plant to adjust its production rate in response to changes in
feedstock availability and power input. This flexibility involves the turndown ratio, which
is the minimum load as a percentage of nominal capacity, its ramp rate, and startup and
shutdown times [74]. Current HB plants are designed to operate at constant conditions,
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and have a very narrow off-design window of operation in stable conditions, and the
ramp-up is typically around 20% of the nominal load per hour [77]. Recent studies show
that the most influential parameter for the performance of the plant during ramping
operations is the reactor inlet temperature [77]. The part load performance of the HB
reactor can be primarily controlled by adjusting the hydrogen to nitrogen ratio, reducing
the hydrogen intake to operate at lower turndown ratios, but reducing ammonia yield [72],
[74]. Therefore, HB flexibility requires finding a balance between the need for energy
and feedstock storage, but with advanced control systems and innovative materials as
catalysts, to operate safely in off-design conditions [75].

3.3.6 Alternative ammonia production technologies

Beyond Haber-Bosch technology, significant research is being carried out for alternative
ammonia synthesis options, especially for renewable integration. The primary objective
is to address the main limitations of the conventional process, such as the high energy
consumption, its reliance on fossil fuels, and the need to operate under demanding
temperature and pressure conditions [78], [79]. Several new technologies have been
developed, including thermochemical, electrochemical, photochemical, and plasma-
assisted processes. Among these, thermochemical and electrochemical have emerged as
the most promising near-term alternatives due to their higher technological feasibility
[79].

Thermochemical ammonia production includes the non-catalytic thermocyclic process,
where ammonia is synthesized directly by splitting the reaction into two steps. The main
advantage is the ability to operate at atmospheric pressure, eliminating the need for high-
pressure reactors, as well as eliminating the hydrogen production process. Therefore,
significant capital and operational cost reductions can be achieved [41], [79]. However,
this technology requires extremely high temperatures reaching up to 1500 °C for the
reduction step, which requires specialized materials and high energy input.

Electrochemical synthesis is another promising process since it can be directly integrated
with renewables and operates at moderate conditions. This process can be up to 20% more
efficient than the Haber-Bosch process and does not require water electrolysis for
hydrogen production [79], [80]. Electrochemical synthesis can be categorized into high-
temperature and low-temperature processes. High-temperature electrochemical systems,
operating between 300-800 °C, use solid-state, molten salt, or composite electrolytes to
facilitate ion transport [81]. A significant challenge is the fact that, while high
temperatures increase proton transport and reduce ohmic resistance, they also increase
the thermal decomposition rate of ammonia [79], [82]. Low-temperature electrochemical
synthesis operates at near ambient conditions, using aqueous electrolytes. In these
systems, the main challenge is the fact that most of the electrical energy is consumed in
producing hydrogen gas rather than ammonia, with low faradic efficiencies [79], [81].
Research is focused on developing highly selective electrocatalysts to increase the
nitrogen reduction reaction rate.
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Photochemical synthesis uses semiconductor photocatalysts to absorb solar radiation and
generate the nitrogen reduction reaction. This way, sunlight is directly employed for
ammonia production. Plasma-assisted synthesis uses an electrical discharge to generate a
plasma state where hydrogen and nitrogen molecules can directly combine to form
ammonia. These processes, however, are currently only available at lab scale [79].
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Chapter 4

Mathematical models

4.1 Mathematical modeling

This chapter presents the mathematical framework employed for the analysis and
optimization of the proposed green hydrogen and green ammonia production systems. It
presents a set of models that describe the performance of each key component within the
plant configurations under study. These models, implemented in MATLAB and GAMS,
are used as the basis for the system simulations for technical and economic assessments
conducted in this thesis.

The models are presented following the primary energy conversion process, from
electricity generation to the final synthesis of ammonia. The equations account for key
variables for each technology, including thermodynamic and electrochemical
performance, polarization curves, and calculation of overpotentials. These models are
used for predicting hydrogen and ammonia production rates as a function of electrical
input. The models for ancillary and energy management systems are also presented. These
include the compression and expansion trains, as well as the energy storage systems.
Finally, individual component models are integrated into the models of the various plant
configurations analyzed to determine their technical and economic performance.

To optimize the size and scheduling of the components of the plant, a Mixed-Integer
Linear Programming (MILP) model was developed. A MILP model is a mathematical
optimization model used to solve problems where a linear objective function is optimized
subject to a set of linear equality and inequality constraints [83]. This programming model
is capable of handling both continuous decision variables, which can take any value
within a given range, and integer variables, which are restricted to integer values.
Additionally, binary variables are used to model logical on/off decisions. A MILP
optimization model was developed to determine the optimal sizing and hourly operational
scheduling of the entire plant. In this analysis, the MILP model is designed to minimize
the LCOA and meet a target annual ammonia production while respecting the operational
constraints, ramp rates, and physical limits of each component. This modeling approach
was selected because the green ammonia plant optimization problem must account for
both continuous and discrete decision variables: decision variables such as the power
dispatched to and from the BESS are continuous, while decision variables like the number
of active electrolyzer units at any given hour are inherently integer. Furthermore,
modeling the operational status (on/off) of the Haber-Bosch unit and the activation of
different operating segments in component efficiency curves necessitates the use of
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binary variables. The linear nature of the framework is maintained by formulating the
economic objective function as a linear combination of costs and by approximating the
nonlinear performance of components, such as the electrolyzer, through Piece-Wise
Affine (PWA) approximations.

4.2 Photovoltaic plant

The PV power production is calculated as:

Epy = npy * Spy * GI * foy * Niwy * Npy (4.1)
where npy is the number of PV modules, Sp; the module surface, GI the Global Solar
Irradiation, fpy, the derating factor for secondary losses, 1;yy the inverter efficiency (as
represented in Figure 6 [31]) and 7npy, the module conversion efficiency. The module

conversion efficiency and the cell temperature are calculated according to Duffie et al.
[32]:
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Figure 6. Inverter efficiency as a function of the load.

4.2.1 Floating photovoltaic

The power generation of the FPV system is calculated based on the conversion efficiency
of the module, where T, q is the temperature of the module, calculated based on GI,
ambient temperature (Ty,p), and wind speed (Uyying) as:

Tood = 2.0458 + 0.9458 T,y + 0.0215 GI — 1.2376 Uyying (4.4)

The equation is an empirical correlation calculated for a tilt angle of 30°, which can be
considered valid also for lower tilt angles, given the results of Chowdhury et al. [84], who
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found that temperature variations of the module with tilt angles in the range of 10°-30°
are negligible.

4.3 PEM electrolyzer

The mathematical model for the PEM electrolyzer is developed based on the work by
Zhao et al. [35]. It is a steady-state model, used to calculate the performance of the
electrolyzer considering the various losses. The cell voltage V.., is calculated as:

Veeu = E + Nact + Nonm + Nairf 4.5)

where E is the open circuit voltage, n,.¢ 1s the activation overpotential, 1, 1s the ohmic
overpotential, and ng;rr is the diffusion overpotential. The open circuit voltage is

calculated from the Nerst equation:

RT [ Pu,P?
E=E% +-—] 2 4.6
e TZF "\ Pro (4.6)

where E2,, is the reversible cell voltage, R is the gas constant, T is the temperature, Zz is
the number of electrons, F is Faraday constant, and Py,, Py,o and Py, are the partial

pressures of hydrogen, water, and oxygen, respectively.

The three overpotentials are calculated with the following equations:

RT i
Nact = In <_) 4.7)
appyzF Lo
RT [
Naiff = 57—z n (1 + - ) 4.8)
BremzF Liim
Oml
Nohm = 7— (4.9)
m

where «a is the transfer coefficient, iy is the exchange current density, [ is the constant
coefficient, i, is the diffusion limit current density, &,, is the thickness of the
membrane, and A is the membrane cross section area.

The conductivity of the proton exchange membrane o,,is calculated as:

1 1
om = (0.0051394; — 0.00326) exp [1268 (ﬁ - ?)] (4.10)

where Aj is the humidification factor.

Finally, the hydrogen production is calculated with the Faraday Law:
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_ 1
2 QF
where [ is the operating current, calculated based on the input power of the considered
electrolyzer [36].

4.4 AEM electrolyzer

The steady-state AEM electrolyzer model is derived from Vidales et al. [85]. The model
allows for the estimation of the hydrogen production for a given input power, considering
the polarization curve and efficiency of the cell. The number of cells is calculated as the
ratio between the nominal power of the stack and the nominal power of the cell,
considering a parallel cell configuration.

ny 4.11)

According to Vidales et al. [85], the activation overpotential - which accounts for kinetic
effects - is determined with the Butler-Volmer equation:

_RT (L AT
Nact = 4 F SN 200 ) T aF

arcsinh ( ) (4.12)

2ig ¢

where «, is the charge transfer coefficient for the anode, defined as [86]:

0.0675 + 0.00095T (4.13)

and a. is the charge transfer coefficient for the cathode [86]:

0.1175 + 0.00095T (4.14)

[ is the current density, iy, is the exchange current density for the anode (5.6 -
1073 mA/cm? [85]), io . is the exchange current density for the cathode (0.191 mA/cm?

[85D).

The ohmic overpotential is calculated considering both electrolyte and membrane
resistances as:

1 /d d o)
=E[ (am+ Cm)+ m]l 4.15
Totum OkoH Sa Sc Smam ( )

where gx oy 1s the ionic conductivity of the electrolyte (calculated according to Gilliam
etal. [87]), d is the distance between the anode and cathode to the membrane respectively,
S is the cross-section area for anode, cathode, and membrane, &, is the thickness of the
membrane, gy, is the membrane conductivity, and [ is the operating current.

The diffusion overpotential is determined [85] as:

RT [(Co.m\ RT [(Cym
.= —n| —=2— —In|—2—
dir 4F " <C021m0> ’ 2F " <CH2,mO (410
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where Co,n and Cy, ., are the oxygen and hydrogen concentrations at the interface
between membrane and electrolyte, and Coz,mo and CHz,mo are reference values in

working conditions [88].

The oxygen and hydrogen concentrations are determined considering temperature and
pressure at the anode and cathode, the geometrical characteristics of the anode and
cathode, the molar flows of hydrogen, oxygen, and water, the porosity of the electrodes,
and the water transport through the membrane, considering diffusion, electro-osmotic
drag, and pressure effects [85].

Figure 7a shows the AEM electrolyzer polarization curve and the hydrogen generation
for a cell temperature of 60 °C [85], while Figure 7b shows the specific stack
production as a function of the input power, for part load conditions.
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Figure 7. Polarization curve and hydrogen production for the AEM cell (a) and specific

stack production as a function of the AEM input power (part-load conditions) (b).

4.5 Compression train
The power required by each compressor of a compression train is calculated as:

yi—1

: ; Vi iMci

Ec; = thep; —— 1 RiTi,in< e — 1) (4.17)
Yi—

where m;, is the mass flow rate of the compressor during the charge phase, y is the
specific heat ratio, R is the gas coefficient of air, T, is the temperature at the inlet side
of the compressor, [ is the pressure ratio of the compressor, 1. is the polytropic
efficiency, and the subscript i indicates either air or hydrogen. During charging, when
employed in a CAES system, the pressure ratio increases according to the pressure inside
the respective storage tank.

The model of the compressor is based on the Casey-Robinson method [89], which allows
for the accurate prediction of performance in both design and off-design conditions. The
model is specifically adapted to represent the performance of centrifugal compressors.
The mathematical model accounts for the aerodynamic stability limits of the centrifugal
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compressors to prevent surge. Withing the Casey-Robinson modeling method, the stable
operating range of each stage is defined considering a minimum mass flow rate to ensure
correct operation at partial load. This limit represents the surge line, below which the flow
becomes unstable. When implemented in CAES systems, the compressors operate within
the boundaries of the energy management strategy, where if the available renewable
power is not sufficient to maintain the operating point within the stable region of the
compressor map, the compression train is deactivated, and the power is directed
elsewhere.

As the target outlet pressure varies, the compressor operates with a variable pressure ratio
and, for a given mass flow rate, the rotational speed changes accordingly. Figure 8 shows
the generalized efficiency profile of the compressor as a function of the generalized
pressure ratio. It can be observed that the polytropic efficiency is highly sensitive to the
pressure ratio. When decreasing the pressure ratio, the efficiency decreases significantly,
with reduced rotational speeds. At low pressure ratios, the efficiency is significantly
lower compared to the design point. Instead, for a generalized pressure ratio higher than
0.7, the efficiency is more than 90% of the design efficiency.
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Figure 8. Compressor generalized efficiency profile.

4.6 Expansion train

According to Skabelund et al. [39], the expansion train is assumed to operate in a steady-
state condition and with constant isentropic efficiencies for the turbines. Furthermore,
except for the combustion chambers (CC), all components are modeled without thermal
and pressure losses.
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The mass flow rate at the inlet of each turbine m is the sum of the mass flow rates of air
Mgir and fuel 1My, and depends on the air-fuel ratio, which is calculated by solving the

CC energy balance equation:

Mair  (LHV 4 hyz) “Nee — Ry
mfuel hg - hair
where a.. is the air-fuel ratio, LHV is the lower heating value of the fuel, and hy,, hg;;-

e = (4.18)

and hy are the enthalpies of hydrogen, of the air, and of the exhaust gas, respectively.

The power of each turbine is calculated by the following equation:

Yg—1
. . Y yg Nt
E, = mgep —— 1Rgrm 1-p," (4.19)
Yg —

where m,p, is the mass flow rate of the turbine during the discharge phase.

To operate the expansion train in constant pressure mode [29], pressure regulators (PR)
are modeled as adiabatic processes [40]:

y—1
Tour = Tin - <r::ut> ' (4.20)
4.7 Storage volume for air and hydrogen

In a CAES system, for given values of both the rated power of the compression train and
the turbines, the charge time and the discharge time strictly depend on the air and
hydrogen storage capacities. The air storage volume and the hydrogen storage volume are
calculated by starting from the required nominal flow rate of air and fuel [40].

The storage reservoirs for both compressed air and hydrogen are modeled as isochoric
fixed volume systems. The storage phase is considered isothermal, assuming that the
stored gas reaches thermal equilibrium with the surroundings at the constant storage
temperature. Consequently, while the state of charge is governed by the mass balance of
the gas, the simulation dynamically calculated the internal pressure variation at each time
step. Therefore, the power consumption of the compressors varies as a function of the
pressure inside the storage volume and increases as the state of charge decreases.

The following system of equations is solved to determine the total storage volume and
the mass stored at minimum pressure for both the air and hydrogen storage systems.

{pmin,ivaltot,i = Mypin,iRiTst i @21)

Pmax,iV 0leoti = (Mmini + Mite)RiTor
where p,,i,, 1s the minimum storage pressure, Vol,,, is the total storage volume, m; is the
mass stored, R; is the gas coefficient, T, is the storage temperature, py,q, 1s the maximum
storage pressure, m; is the charge mass flow rate, and t,. is the charge time and the suffix
i stands for either air or hydrogen.
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4.8 Hydroelectric turbine and pump

The power output of the Francis turbine is a function of the water flow rate (Q1) and of the head

(ht), which is directly proportional to the volume of water stored in the upper reservoir (Vyp).

Pr = (pghtQr) nr (4.22)

The generalized Py/Pr or and N1 /N ref curves (that is referred to the reference values) are
reported in Figure 9 as a function of the generalized Q1/Qr ref values [90]. The hydraulic
efficiency curve, denoted by the solid blue line, represents the usual non-linear
performance behavior of reaction turbines. At high loads these turbines operate at high-
efficiency, that drastically decline at partial loads due to off-design hydraulic losses. The
region between the minimum and maximum allowed heads shows the operating range
between full and empty reservoir capacity. It can be observed that, at constant reduced
volumetric flow rates, the efficiency is highly dependent on the head, resulting in highly
variable power outputs. Specifically, the turbine power range is constrained by the
minimum (66 m) and maximum (118 m) allowable head while ny is included within the
range 50.9-91.1%, with the peak occurring for Qt/Qr ref around 0.8 (that is Qr around
24 m>/s).
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Figure 9. Generalized power and efficiency curves as a function of the generalized
volumetric flow rate for the Francis turbine.

The performance of the water pumping section is evaluated by considering six constant-
speed electric pumps, two of Type 1 (0.627 MW) and four of Type 2 (1.205 MW). Figure
10 reports the characteristic curves and the efficiency of each electric pump and shows
the maximum and minimum values for head and volumetric flow rate for both pumps. In
particular, the curves show how these pumps must overcome higher geodetic heads as the
upper reservoir fills, consequently leading to a reduction in the volumetric flow rate. The
head required by the pumps is modeled by considering the geodetic head between the two
reservoirs and the piping energy losses. Variations in atmospheric pressure between the
elevations and the fluid velocities at the intake and discharge points were considered
negligible. Furthermore, piping energy losses include only distributed losses, while
concentrated losses were considered negligible.
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Figure 10. Type 1 and type 2 electropump characteristic curves.

4.9 Ammonia production optimization

To optimize the size and scheduling of the components of the plant, a MILP model was
developed. The model aims at minimizing the total system cost over its lifetime, while
determining the optimal sizing of key components and their optimal hourly operation
strategy, to meet the predefined ammonia production target while minimizing the LCOA.
The model is characterized by an optimization horizon of 8760 hours (1 year) with a time

step of 1 h. The model was implemented using the software General Algebraic Modeling
System (GAMS) version 39.3.0 [91] and employing the CPLEX solver.

The decision variables include power dispatch from the PV plant to the various
components, the number of active electrolyzer units, the BESS charge and discharge
cycles, the HB operation, and their respective loads. The model is devised to meet an
annual total production target of 1 kton of green ammonia, while the residual hydrogen
in the HSS and BESS state of charge must be equal to zero.

The approach also includes some assumptions and limitations. First, a perfect forecast is
assumed for the PV generation profiles. This assumption allows to calculate the optimal
size and scheduling. Secondly, the HB unit is operated only at nominal load, due to the
fact that its flexibility is very limited [72], therefore, the model does not take into account
part load performance. Additionally, its startup and shutdown times are simplified.

4.10 Objective function

The objective function is expressed as the minimization of the net present cost of the
system over the plant lifetime. This cost includes the CAPEX and the Operational
Expenditures (OPEX), accounting for the discount rate [92]. The objective function is
formulated as:

N
1
min0r = 3 caper 4 Y orr-s. )Y b
y
~ (1+7)

(4.23)

keK keK
where OF is the objective function, K represents the set of the components of the plant,

CAPEX;, is the specific capital expenditure of the component k, OPEX), is the specific
annual operational expenditure of the component k, S;, represents the specific size of the
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component k, N is the plant lifetime in number of years, r is the discount rate and y is the
specific year.

The total CAPEX is defined as:

CAPEX = Cpy + Cggss + Cgp + Cyass + Cyp (4.24)
The total OPEX is defined as:

OPEX ES OPV + OBESS + OEL + OHZSS + OHB (425)

While Sy, is represented by:

Sk = npy + SOCpEssmax + ML + SO0Chzssmax + Nup (4.26)
where C represents the capital costs and O the operational costs.

4.11 Balance equation

The model presents several equations to represent the interaction between the components
and constraints to ensure the correct operation of the components within their operational
limits.

The energy balance equation, which establishes that the total power generated is equal to
the total power consumed, is represented as:

Ppy(t) + Phpss(t) = Phrss(t) + Pp () + Pug(t) + Pyrig(t) vt (4.27)

Where Ppy is the photovoltaic power output, Pz is the BESS discharge power, PSys
is the BESS charge power, Py, is the power required by the electrolyzer, Pyp is the power
required by the ammonia synthesis unit, Pg,.;4 is the power exchanged with the grid.

4.12 BESS model and constraints

The State Of Charge (SOC) of the BESS is modelled considering the charging and
discharging power and efficiency as:

_ c ¢ P gESS,t
SOCBESS,t = SOCBESS,t—l + PBESS,tnBESS - da vt (4.28)

BESS
The SOC is bounded by its minimum (Eggss min) and maximum (Eggss max) capacity,

and the charge and discharge power are correlated by the C-rate, which is set to 0.25 [93].
SOCBESS,ini == 025 (429)

SO0Cprssmin < SOCpEsst < Eppssmax  Vt (4.30)

48



Pgesse < 0.25 Egpssmax  Vt (4.31)

PgESS,t < 0.25 - Eggssmax Vt (4.32)

4.13 HSS model and constraints

The hydrogen storage system is modeled by means of the state of charge equation, by
the constraints on the maximum and minimum mass of hydrogen stored, and the final
state of charge, which is set to zero.

SO0Chzs5t = SOCHpsse-1 + erzo;i — iy Yt (4.33)
0 < SOChzsst < Myzssmax VYt (4.34)
S0Chzss5,ena = 0 (4.35)

4.14 Ammonia storage model and constraints

The ammonia storage system is modeled by means of the state of charge equation, by
the constraints on the maximum and minimum mass of ammonia stored, and the final
state of charge, which is set to reach a yearly production target.

. prod

SOCnp3ssy = SOCypzss—1 + Mypz, VE (4.36)
0 < SOCyp3sst < Mypzssmax VY (4.37)
SOCny3ss,ena = MyH3 target (4.38)

4.15 Electrolyzer model and constraints

The part-load performance of the electrolyzer was modelled by considering the nonlinear
correlation between power and hydrogen production. The nonlinear efficiency is
implemented in the linear optimization model by employing a PWA function for the linear
approximation [94], [95]. The input power and the hydrogen production mass flow rate
are linked by means of weight variables (wy,, ;) at various power breakpoints. The power
of the electrolyzer and its hydrogen yield are represented as:

Pere = z PeLbp * Wppt VU (4.39)
bp
. prod __ . prod
Myze = Z Mz pp  Wopt Vi (4.40)
bp
oper, .

The sum of the weight variables equals the number of operating electrolyzer units (ngy ; ):
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D Ay = vt (4.41)
bp

The number of operating electrolyzer units, which can vary at each time step, must be
lower or equal to the total installed units:

oper

Ng . =Ng, Vi (4.42)

The power of the electrolyzer is constrained by the minimum and maximum power limits
of the operating unit, as well as the maximum (RUg; ) and minimum (RUg; ) ramp rates:

Pgrmin < Pert < Pgrmax VU (4.43)
Pgpt+1 — Pere < RUg, Vt (4.44)
Pgpi—1— Pt < RDg, Vit (4.45)

4.16 Ammonia synthesis model and constraints

Ammonia production is directly proportional to the power consumed by the HB unit and
its specific energy consumption. The specific energy consumption comprises the energy
consumption of the ammonia synthesis loop, the energy consumption of the ASU, and
the energy consumption of the hydrogen compression unit. In fact, the synthesis requires
both nitrogen, extracted from air through the ASU, and hydrogen, which is compressed
from 30 bar to 200 bar before entering the HB unit.

Ammonia production and hydrogen consumption are calculated as:

. d
Tiyuse = enp  Pup Yt (4.46)
METE = oyp - Mgy Vi (4.47)

The HB unit operation is constrained by the minimum and maximum power limits, as
well as the ramp-up and ramp-down rates.

Pyuzmin < Pyuzt < Punzmax VU (4.48)
Pypst41 — Pert < RUygs Vit (4.49)
Pert-1 — Pgre < RDg, Vt (4.50)
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4.17 Levelized cost of ammonia

As the objective function of the model is the minimization of costs, the LCOA is
calculated after solving the MILP problem. As a previous step, the Levelized Cost Of
Ammonia (LCOA) is calculated considering the CAPEX, OPEX, discount rate, lifetime,
annual degradation, and total ammonia production. The LCOA is calculated as:

v OPEX..,

=11 +r)n

ZN MyK3,tot
=11 +7r)n

CAPEX,, + Y.

LCOA =

(4.51)

Where myys3 o is the total ammonia production.

4.18 Water footprint assessment

To determine the water withdrawal required to substitute a specific amount of electricity
generated from fossil fuels with electricity generated via a green hydrogen chain, a
mathematical model is developed.

The required renewable energy input required to match the target fossil fuel generation is
calculated by dividing the target energy generation by the round-trip efficiency of the PtP
process:

E gen

Einres = (4.52)

Mpep
Where Ej;, ggs 18 the energy input from RES, Eg,, is the target energy generation, and

Npep 1S the Power-to-Power efficiency.

The corresponding mass of hydrogen produced by using this renewable energy input is
then calculated based on and the specific energy consumption of the electrolyzer:

Mmy, = - (453)

Where my, is the mass of hydrogen produced, and e, is the specific energy consumption
of the electrolyzer.

The total water withdrawal for the green hydrogen scenario is calculated as the sum of
the water withdrawal required by the renewable power generation plant and the water
withdrawal associated with the electrolysis process:

Wiot = Wrgs + Wgy, (4.54)

Where Wggs and Wy, represent the water demand of RES and electrolyzer systems
respectively, calculated considering the corresponding water specific consumptions.
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4.19 Limitations and uncertainties

The mathematical framework presented in this chapter provides a basis for the techno-
economic optimization of the integrated energy systems here analyzed. However, the
results include specific limitations due to some adopted assumptions.

The modeling of the Haber-Bosch synthesis unit assumes operation at nominal steady-
state conditions. This approach, although in line with current industrial ammonia plant
constraints, simplifies the dynamics and control strategies required for flexible operation
mode with high ramp rates. The MILP model for the optimization of the ammonia
production plant operates under the assumption of perfect forecast regarding photovoltaic
irradiance profiles. In real applications, rolling horizon strategies allow for error
prediction and may produce deviations from the global optimum calculated in this
analysis. The economic indicators are in some cases simplified as they depend on cost
projections for future technological implementations that have not reached full
commercial maturity. Similarly, degradation is not described through a physics-based
model; rather, it is represented using an economic approach. In particular, for electrolyzer
stacks, degradation is linearized and included through economic indexes, where
progressive performance deterioration is modeled as a time-dependent increase in
operational expenditure, representing the associated economic impact.
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Chapter 5
Integrated green hydrogen and ammonia

systems

5.1 Introduction to integrated systems

This chapter presents a comprehensive analysis of two integrated green hydrogen system
configurations in the context of an increasing share of VRES in modern electrical grids.
The increasing share of VRES poses significant challenges to the electric grids: in many
countries with a VRES share above 20% and limited synchronous interconnections with
neighboring states, the lack of grid flexibility requires frequent generation curtailment
and load shedding to maintain grid security [96]. For example, California’s yearly PV
curtailments, which reached 22% in April 2023, almost doubled during the last five years,
rising from 3.2% in 2019 up to 6.2% in 2022 [97]. Apart from the environmental
detriment, RES generation curtailment entails other adverse effects: in fact, it reduces
RES economic convenience and attractiveness [98]. For these reasons, several authors,
including Lopez et al. [99], stated that, in regions like California, the foreseen growth in
VRES penetration will increasingly require measures to mitigate generation curtailment
and address grid flexibility challenges. Among the useful actions, IEA [100], in
agreement with the scientific community, considers as key measures the introduction of
ESS, the deployment of RES power plants able to provide inertia, and the growth of
demand response services.

The surplus energy generation from VRES is increasing globally, and it also comes from
a large number of small-scale systems. This energy surplus is primarily managed in three
ways: it can be stored, exported to neighboring countries (even at a zero or negative price),
or curtailed [96]. Instances of the latter are becoming more frequent worldwide: in the
EU, surplus energy from neighboring countries is sometimes imported for free and used
to operate PHES systems.

Apart from BESS, which are expected to account in Europe for a 20-30% share of total
dispatchable capacity energy by 2050, Thermo Mechanical Energy Storage (TMES) and
hydrogen are among the most promising technologies for decarbonizing energy systems
[101], providing flexibility services [102] and improving grid adequacy [103], even for
small scale applications.

To mitigate these issues, Energy Storage Systems have been identified as a crucial
technology. Particularly, two systems for hydrogen integration have been studied and are
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presented in this chapter: one coupled with Compressed Air Energy Storage and another
with Pumped Hydro Energy Storage.

However, the production of green hydrogen via electrolysis is an energy and water-
intensive process. Consequently, a thorough assessment of the water footprint associated
with hydrogen-based energy systems is conducted and presented in this chapter.

5.2 Impact of hydrogen production on freshwater sources
Large-scale hydrogen production will create significant demand for freshwater, critically
impacting water-scarce regions. Water use for hydrogen production should be taken into
account when developing new plants, as suggested by IRENA and Bluerisk (2023). Water
use is calculated based on water withdrawal and consumption. Water withdrawal is
returned to the body of water from which it was extracted, while water consumption
includes all water that cannot be returned. The impact of freshwater abstractions from the
local network can be measured using the water stress indicator, a Sustainable
Development Goal (SDG) of the 2023 Agenda program, which determines the pressure
on freshwater resources caused by abstractions [104].

On a global scale, the impact of water use for hydrogen production is low, but on a local
scale, it can become a critical issue, especially in water-stressed areas [69], as
electrochemical water splitting is an energy-intensive process that requires about 9 kg of
water per kg of hydrogen produced. Moreover, water is not only required for H>
production but also for cooling needs. Future predictions indicate a global annual water
consumption of about 20.7 Gt by 2040, and the water withdrawal share for hydrogen
production in the energy sector will account for about 2.4% by 2040 [64].

Green hydrogen production is favorable in areas with high availability of RES, such as
North Africa or the southern regions of Europe. However, the water use associated with
the electrolysis process may cause problems for the water network, where freshwater is
scarce and water stress is high. A promising solution for hydrogen production without
freshwater consumption is represented by seawater electrolysis. To address these issues,
some studies suggest the use of seawater electrolysis technologies in coastal and arid
regions [69]. Two seawater electrolysis technologies exist: Direct Seawater Electrolysis
(DSE) uses seawater as a direct water feed, while Indirect Seawater Electrolysis (ISE) is
a two-step process that requires water treatment and purification before electrolysis.

Recently, many researchers have focused their efforts on investigating seawater
electrolysis technologies, as demonstrated by the increased number of publications in the
last few years [65], [66]. Many studies compared the performance of direct and indirect
water electrolysis systems. Khan et al. [65] compared the performance of direct seawater
electrolysis to a PEM electrolyzer coupled with a SWRO plant, evaluating energy
consumption, costs, and environmental impact. They concluded that the indirect system
using SWRO shows a minimal increase in the LCOH, energy consumption, and CO>
emissions. Specifically, they determined a 0.1% increase in energy consumption and a
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0.6% increase in LCOH. Hausmann et al. [68] analyzed the energy consumption and costs
of DSE compared to a two-step seawater purification and electrolysis process. In the
study, DSE is proposed to reduce freshwater use, even if the authors highlighted the
challenges of this new technology. They concluded that DSE does not show significant
benefits compared to ISE and suggested driving research efforts towards more advanced
purification systems to increase water purity. In their study, the authors estimated that, if
all electrical energy were produced using hydrogen fuel cells, the freshwater required for
electrolysis would constitute just 0.4% of global freshwater use and 2% for all primary
energy. Dresp et al. [69] conducted a thorough analysis of hydrogen production from
renewable sources, particularly in arid and coastal areas. This paper analyzes the
electrochemical reactions and the challenges of DSE. Moreover, the energy consumption
of reverse seawater electrolysis, using a fuel cell to generate electricity and freshwater, is
calculated. They also compared DSE and ISE technologies, concluding that DSE may be
implemented in offshore applications. Farras et al. [66] reviewed scientific literature on
the topic of hydrogen production from seawater. They concluded that currently, DSE is
not competitive against ISE because of technical challenges that must first be addressed.
However, future developments in this technology field are fundamental, as DSE is a
promising solution in specific applications. The authors highlight the mismatch between
the small scale of current commercial electrolyzers and SWRO plants, which are usually
large. Moreover, they point out the importance of assessing the footprint of these systems.
Beswick et al. [67] conducted a study to determine the water use of green hydrogen
production. The study demonstrates that water use for electrolysis has a negligible impact
on global resources. SWRO's increase in energy consumption is marginal, and so is the
increase in LCOH. Moreover, the analysis suggests that substituting RES and hydrogen
for fossil fuels for electricity production will result in water use reduction. The authors
finally suggest increasing efforts to develop high-efficiency electrolyzers.

The results of these studies indicate a minor difference in energy and costs between the
two technologies, in favor of DSE. However, there is limited consideration of the impact
of seawater electrolysis on local freshwater resources, focusing instead on broader-scale
applications. Moreover, many studies lack a thorough assessment of the energy use of the
two systems at the local scale, considering different electrolyzer and water purification
systems. The size mismatch between commercial SWRO and water electrolyzers has not
been addressed yet. Additionally, real data for energy production should be used.
Moreover, the energy sector is currently dominated by fossil fuels, with renewable energy
rising rapidly, especially in Europe. As increasing amounts of green hydrogen for
electricity generation will increase water abstractions, the associated challenges must be
evaluated and addressed.

Within this context, the water and energy consumption of green hydrogen in the energy
sector is investigated, with a focus on seawater electrolysis as a sustainable alternative to
freshwater usage. The analysis is carried out considering the entire power-to-power
process, involving renewable energy generation, water electrolysis, and electricity
generation using solid oxide fuel cells. The water and energy impacts of both indirect and
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direct seawater electrolysis are assessed and compared across nine countries with varying
levels of water stress and different energy mixes. A comprehensive analysis of water and
energy use for hydrogen production is conducted, spanning from Northern Europe to
North Africa regions. Specifically, focusing on Algeria (DZ), Denmark (DK), Germany
(DE), Italy (IT), Libya (LY), the Netherlands (NL), Norway (NO), Sweden (SE), and
Tunisia (TN). Each region is characterized by different levels of water stress, water
withdrawal, energy generation levels, energy generation shares by source, and RES
penetration, but they all have direct access to seawater.

5.2.1 Water stress and withdrawal

Water stress [104] data used for this analysis were obtained from the UN Water
Organization database, which provides data for agricultural, industrial, and service use
[105]. While the latest available data refers to 2020, historical trends demonstrate minimal
variations in water use over time.

Figure 11 shows the water stress levels (Figure 11a) and annual water withdrawal (Figure
11b) for the regions considered. Figure 11a shows a significant variability in water stress
levels across the regions. Arid regions and countries with limited access to freshwater
resources tend to have higher water stress levels. Figure 11b illustrates the annual total
withdrawal of water for the countries considered. Considerable differences can be
observed across the regions, ranging from about 1 Gm?/year to about 34 Gm?®/year.
Regional patterns can be identified, where European countries have generally higher
water withdrawals compared to North African regions. Comparing water stress and
withdrawal data, the disparities can be attributed to geographic factors like climate and
freshwater availability, but also to the efficiency of the different water management
strategies of the countries.
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Figure 11. (a) Water stress levels and (b) water withdrawal for the countries analyzed.
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Figure 12 illustrates the electricity generation mix and the total energy generation for each
region. The electricity generation mix data, divided by source, was derived from the IEA
database [106] for the year 2020, to maintain consistency with the water data used in this
analysis.
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Figure 12. Energy generation share and total annual energy generation for each region
analyzed.
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Table 4 summarizes the data used in this analysis regarding water stress, annual water
withdrawal, and annual electricity generation for each country. Various degrees of water
stress are categorized into five levels, such as no stress (<25%), low (25-50%), medium
(50-75%), high (75-100%), and critical (>100%) stress. All data refers to 2020. Overall,
the data shows the diverse challenges regarding water resource utilization in hydrogen
production for electricity generation across different regions.

Table 4: Summary of data regarding water stress, annual water withdrawal, and annual
electricity generation for each country.

NO SE DK DE NL IT LY ™ DZ

Water stress (%) 2.05 3.58 2640 33.50 16.8 29.81 817.14 98.11 137.92

Water withdrawal
(Gm3/year) 2.69 2.07 098 2848 831 33.89 5.83 3.59 10.46

Energy generation
(TWh/year) 1552 163.8 28.7 575.5 123.3 280.5 29.5 215 79.1

5.2.2 Water withdrawal for electricity and hydrogen generation

Extensive research has been conducted over the last decades to assess the water intensity
of different technologies for electricity production [107], [108], [109], determining
specific water withdrawal rates. In this analysis, the most recent data available [110] was
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selected for the analysis of the water withdrawal of different technologies. In their study,
the authors analyzed water use from surface or irrigation for different applications and
considered different regions. Figure 13 shows the water withdrawal of different
technologies for electricity generation.
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Figure 13. Water withdrawal for electricity generation from different sources.

Data on water intensity for hydrogen production processes were derived from the IRENA
report “Water for hydrogen production” [64], which provides an analysis of the
challenges of water use for hydrogen production. The data includes water withdrawals
for grey hydrogen from SMR and coal gasification, blue hydrogen from CCUS
technologies, and green hydrogen from electrolysis. Water withdrawal for blue hydrogen
production from natural gas is examined both from SMR and Autothermal Reforming
(ATR). Figure 14 displays the water withdrawal required to produce 1 kg of hydrogen,
using both fossil fuels and renewable energy sources.
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Figure 14. Water withdrawal for hydrogen production using different technologies.

5.2.3 Water withdrawal for green hydrogen from RES
The methodology presented herein aims to estimate the water withdrawal requirements
for green hydrogen production using RES, to substitute fossil fuels in the energy sector.
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The first step consists of calculating the amount of hydrogen required. To match the real
electricity generation for each country by source, hydrogen generation requires high
amounts of RES power. This is calculated by dividing the energy generation per source
by the Power-to-Power (PtP) round-trip efficiency. The total mass of hydrogen produced
is then calculated as the ratio between the electricity generation for each country by source
and the specific consumption of the electrolyzer. Given the mass, water withdrawal for
hydrogen generation is calculated considering the specific water withdrawal of the
electrolyzer.

Additionally, the water withdrawal of the RES power plant for green hydrogen production
is calculated as the product between the electricity generation for each country by source
and the specific water requirements of either PV or wind. According to the data in Figure
13, the total water withdrawal of the wind power plant is equal to zero. Based on the
energy generation data for each country, the water withdrawal requirements for fossil fuel
technologies are calculated and reported in Figure 15.
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Figure 15. Water withdrawal for electricity generation from fossil fuel technologies.

5.2.4 Water withdrawal from RES and hydrogen in the energy sector

In this analysis, two water electrolysis technologies are studied and analyzed, i.e., alkaline
and PEM electrolyzers. As demonstrated in Figure 14, they are characterized by very low
water withdrawals, comparable with natural gas technologies. Hydrogen can be used for
electricity generation in the Power-to-Power process [111], where electrical energy is
converted to hydrogen, which is an energy carrier, and then reconverted back to
electricity. This way, excess renewable energy can be used to generate hydrogen, later
used for electricity production.

Various technologies allow for hydrogen use in electricity generation, mainly open-cycle
gas turbines, combined-cycle, and Solid Oxide Fuel Cells (SOFC). In this analysis, SOFC
technology was used for energy generation, exploiting its capability to produce water as
a byproduct when combining hydrogen and oxygen, thereby contributing to further
decreasing stress on freshwater resources.

The energy consumption of hydrogen production varies based on the technology and the
efficiency of the process. However, the latest data shows that energy consumption for
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PEM electrolyzers amounts to about 57 kWh/kg and for alkaline electrolyzers to about
52 kWh/kg, as of 2020 [112]. Given the lower heating value of 120 MJ/kg [113], the
conversion efficiency of the PEM and alkaline electrolyzers is calculated to be about
58.5% and 64.1% respectively. For the efficiency of the SOFC, a conservative estimate
of 55% is assumed [114].

Transitioning from fossil fuels in the energy sector necessitates increased capacity of RES
hydrogen production. In this analysis, the effects on water withdrawal of increasing shares
of RES and green hydrogen are analyzed. The analysis assesses the water usage across
varying proportions of electricity generation directly from RES or using green hydrogen
as energy storage, considering the entire PtP process to convert hydrogen back to
electricity. Figure 16 shows the total water withdrawal for different shares of RES and
hydrogen-based electricity generation as a replacement for fossil fuels, focusing on
Germany. Figure 16 refers to the use of PV for energy production and a PEM electrolyzer
for hydrogen generation. The results consistently reveal that, across all scenarios, the RES
to H> share with comparable water withdrawal is about 97%, indicating that RES
withdrawal is relatively low compared to electrolyzer water usage.
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Figure 16. Water withdrawal for different shares of RES and hydrogen electricity
generation.

5.2.5 Hydrogen water withdrawal in the energy sector

The following analysis adopts a very conservative approach, considering the worst-case
scenario in terms of water withdrawal, i.e., RES to hydrogen share equal to zero, or in
other words, all energy generation from fossil fuels is substituted by green hydrogen
generated from RES. Figure 17 shows the results of the analysis, illustrating the water
withdrawal of the entire PtP process using green hydrogen for electricity generation. Each
graph displays the water withdrawal of current technologies for each considered country
(in blue) and the potential withdrawal when substituting their energy production with a
PtP process with hydrogen produced through PEM (a-c) and alkaline (d-f) electrolyzers,
powered from PV and wind turbines. It can be observed that, in all cases, even for a
complete substitution of fossil fuels, transitioning to green hydrogen leads to water
savings.
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Figure 17. Water withdrawal substituting hydrogen from PEM electrolyzers to (a) coal
(b) oil and (c) natural gas, and from alkaline electrolyzers to (d) coal (e) oil and (f)
natural gas.

Table 5 shows the results of the analysis, expressed as a percentual reduction of water
withdrawal when fossil fuel generation is substituted with PtP green hydrogen processes.
A significant reduction in water withdrawal can be observed across all combinations.
Comparing the results summarized in Table 5 with the absolute values in Figure 17, even
though oil shows the biggest percentage reductions, the total water withdrawal is low
when compared to natural gas and coal. In summary, regardless of the combination of
electrolysis technology and power source, a considerable reduction in water withdrawal
percentage can be achieved by substituting green hydrogen for fossil fuels in the energy
sector.

Table 5: Water withdrawal reduction substituting energy generation from fossil fuels
with PtP green hydrogen processes.

Electrolyzer RES Primary energy source
technology type Coal (%) Oil (%) Natural gas (%)
PEM PV -49.83 -89.23 -31.08
Wind -54.75 -90.29 -37.84
Alkaline PV -54.23 -90.18 -37.12
Wind -58.72 -91.14 -43.29
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5.2.6 Seawater electrolysis for green hydrogen production

Electrochemical splitting of seawater appears to be a promising solution to reduce water
stress in regions with limited access to freshwater resources. This section discusses the
energy and water implications of seawater electrolysis, comparing direct and indirect
technologies.

The previous analysis, conducted over 9 different countries, proved that in some regions,
especially in northern Europe, increasing RES penetration can lead to lower water stress.
However, other countries face tougher challenges because of critical water stress levels
and limited access to freshwater. Although all the countries considered have direct access
to seawater, only some of them employ purification systems for freshwater production.
Table 6 shows the total water desalinated per year.

Table 6. Annual desalinated water production in the considered countries [115].

DZ DK DE IT LY NL NO SE TN
Desalinated water (Mm®) 631.0 0.0 0.0 200.0 70.0 0.0 0.1 1.0 43.0

As previously mentioned, seawater electrolysis can be achieved with ISE or DSE
technologies. ISE requires, as a first step, seawater desalination, and treatment, which, at
an industrial scale, is performed with reverse osmosis plants. The energy consumption of
these systems has decreased significantly over the past few years to about 2.5 kWh/m?.
DSE instead allows for the elimination of the need for water treatment, and its specific
energy consumption is about 53 kWh/kg.

Applying the same procedure discussed earlier, water withdrawal for the two technologies
was assessed. DSE performs similarly to conventional electrolyzers, as shown in Figure
18, where the total annual water withdrawal is calculated considering the specific energy
consumption using both PV and wind sources. By applying the same procedure, it is
calculated that for ISE systems, the seawater purification step increases energy
consumption by only 0.1% for both PEM and alkaline electrolyzers, compared to using
freshwater sources. However, the comparison between ISE and DSE should consider not
only the energy consumption increase of the SWRO, but instead it should consider the
entire PtP process. Results show that the ISE system, using SWRO for seawater treatment,
requires about 1.8% more energy than DSE, using both PV and wind sources.

In summary, due to the high energy consumption of the electrolysis process compared to
SWRO, ISE and DSE offer comparable performance in terms of energy consumption.
Their application should be intended mainly for arid and water-stressed regions or where
access to freshwater is limited. In these areas, however, ISE could provide services to the
community. In fact, by oversizing the seawater treatment plant, purified water can be
produced, further reducing stress on freshwater resources.
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Figure 18. Water withdrawal for DSE from RES, substituting (a) coal, (b) oil and (c)
natural gas with green hydrogen.

5.3 Hydrogen integration in Compressed Air Energy Storage

systems

Globally, the increasing share of renewables, prominently driven by intermittent sources
such as solar and wind power, poses significant challenges to the reliability of current
electrical infrastructures, leading to the adoption of extreme measures such as generation
curtailment to preserve grid security. Within this framework, it is essential to develop
energy storage systems that contribute to reinforcing the flexibility and security of power
grids while simultaneously reducing the share of generation curtailment. Therefore, an
integrated storage solution was studied, including green hydrogen production and CAES
for mitigating the curtailment of renewable energy.

Current research interest is primarily focused on energy-environmental assessments, and
in some cases, on economic analysis of hybrid or integrated CAES systems. For example,
a recent study on an integrated CAES configuration was developed by Assareh and
Ghafouri [116], which proposed a cogeneration system (electricity, heating, and cooling)
based on CAES, solar, and geothermal energy. The system comprises a solar field, a gas
turbine, an absorption chiller, and a CAES. The performance of the plant was optimized
for exergy efficiency maximization and cost rate minimization, calculating optimal values
of 29.25% and 714.25 $/h respectively, in 5 regions in Iran considered as case studies.
Also, Xue et al. [117] proposed a combined cycle system using an electrolyzer and a
CAES system to store energy, to later be released, generating electricity using a solid
oxide fuel cell, a gas turbine, and a steam turbine: the system can reach an efficiency of
39.45%. In the field of hybrid solutions, Bartela et al. [118] studied a hybrid CAES system
composed of a hydrogen production system, a methanation unit, a CAES, an oxy-
combustion section, and a drying system. Another example of system integration is
developed by Alirahmi et al. [119] and regards a solar heliostat-driven combined cycle
coupled with a regenerative hydrogen-fed D-CAES system, designed for a thermal-
integrated application. In this system, excess electricity from the combined plant is used
to power the compression train of the CAES and to produce hydrogen in a PEM
electrolyzer. Thermal energy, which is recovered from the compression train, heats up
the water for domestic applications and for the electrolyzer. A similar system, involving
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a PEM electrolyzer coupled to a CAES, was proposed by Zhao et al. [120], who studied
a hydrogen-fueled D-CAES configuration, composed of a gas turbine thermally
integrated with a fuel cell. The system components work in combination to smooth the
RES power fluctuations and provide hot water and power to a community. The research
interest in coupling hydrogen with CAES systems is confirmed by Cao et al. [121], who
proposed a hydrogen-fueled CAES, where excess RES energy is used to drive the air
compressors and generate hydrogen. The storage system of this layout comprises a high-
pressure air storage reservoir, a hydrogen storage tank, and a two-tank thermal energy
storage of water. The system of Cao et al. is characterized by a round-trip efficiency of
65.11% and an exergy efficiency of 79.23%. The system efficiency could be further
improved by means of higher combustion temperatures and more performing
electrolyzers.

Currently, no study assesses the performance of CAES systems based on the flexibility
services they can provide to electrical grids. Furthermore, although several studies
investigated the integration of hydrogen in the combustion section, none of them
considered the optimization of the size of the hydrogen production and storage sections.
In addition, very few studies considered the dynamic performance of the CAES
components, which mainly operate in off-design conditions, such as the compressor, this
being crucial for VRES-powered plants. In this framework, a PV power plant integrated
with a hydrogen-fueled D-CAES (PV-H2-CAES) system was specifically designed to
improve the flexibility of the electrical grids. In fact, the integrated PV-H2-CAES system
is designed to mitigate the variability in VRES feed-ins, reduce curtailments, supply
inertial power, and help address high ramp rates and ramping ranges in a flexibility
service supply that considers dispatch possibility contingent on grid conditions. In
particular, differently to most recent studies on CAES solutions, where all the energy
produced is considered fully dispatchable [116] or where the analyses are carried out only
at nominal conditions [121], a performance evaluation methodology that considers a real
one-year-long grid scenario, characterized by significant and frequent dispatchability
issues, was introduced. Moreover, the size of the main plant components is assessed by
taking into account the dynamic behavior of the compressor train, to maximize the
flexibility services and evaluate the yearly and seasonal performance of an optimized
configuration. The energy requirements of both the air compression and hydrogen
production sections are thoroughly analyzed under various scenarios, assessing the
performance of the integrated system, always with the assumption of utilizing the excess
energy production of the PV power plant.

5.3.1 Integrated PV-H2-CAES system configuration

A schematic configuration of the integrated PV-H2-CAES plant is reported in Figure 19.
It originated from a downscaled version of the McIntosh CAES plant, which was already
demonstrated to be suited for leveling variable wind power [122], with the key difference
that hydrogen replaces natural gas as fuel.
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Figure 19. Schematic configuration of the integrated PV-H2-CAES system.

The charge components of the CAES section of the plant include four inter-refrigerated
multistage centrifugal compressors (C), an aftercooler, and an Air Storage system. The
discharge components include a high-pressure turbine (HPT) and a low-pressure turbine
(LPT), each with a dedicated combustion chamber (CC). In order to operate the expansion
train in a “‘constant pressure mode” [123] as for the McIntosh CAES plant, the air pressure
during discharge is controlled by a pressure regulator (PR). A regenerator (REG) and an
additional heat exchanger allow for the recovery of part of the thermal energy of the
exhaust gases. A green hydrogen production and storage section is added to the plant
layout and is based on a PEM electrolyzer for hydrogen generation, which is stored in
two dedicated (HP and LP) hydrogen storage tanks. The Balance of Plant is completed
by a hydrogen compressor, dedicated heat exchangers, pressure regulators, and other
minor components. In this integrated PV-H2-CAES plant, the electric power for air
compression and hydrogen production comes from a dedicated PV system. However, it
is important to note that the flexibility of this integrated configuration also enables it to
be powered by other VRES power plants and by the grid, either entirely or partially,
allowing it to offer demand-response services. Among the existing technologies for
hydrogen production through water electrolysis, a PEM electrolyzer is selected, because
of its wide power range, low operating temperature [124] and rapid response time [21],
which make it the most suitable technology for VRES integration.

The main energy flows of the integrated PV-H2-CAES plant are shown in Figure 20,
where Epy, represents the energy that could potentially be produced by the PV system
without any generation curtailment; therefore, Ep, includes a share of energy that is
actually generated (Epy yo—cags + Epy ) and a share of energy that could potentially be
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generated if not curtailed (Epy cygr). The energy actually generated by the PV system can
be directly fed in the grid (Epy ) or used to charge the CAES system (Epy yo—cags)-
When the charge phase occurs, the energy is used for compressing air (Epy ) and
producing hydrogen (Epy pgy), which are stored for a later use. During the discharge
phase, the stored energy is used to generate electricity (Er ). Therefore, the overall
energy delivered to the grid (E;) is the sum of Epy ¢ and Er .
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Figure 20. Main energy flows of the integrated PV-H2-CAES system.

5.3.2 [Energy management strategy

The EMS of the integrated PV-H2-CAES system is conceived to integrate the PV energy
production into electrical grids already characterized by a high VRES penetration, where
any additional increase in VRES power would result in further deterioration of flexibility
levels (uncertainty in production, extended ramping-ranges, high ramp-rates) and, lastly,
generation curtailment.

With reference to the CAISO duck curve on April 16, 2023, Figure 21 shows the daily
PV potential energy production (Epy) and the corresponding energy curtailment
(Epy curr)- Five periods can be identified, herein denoted by the letters a to €, where a
and ¢ represent the dark hours and f, v, 6 the daylight hours, when PV generation occurs.
During early morning () and late evening (6) hours, all the generated PV energy is
consumed. Conversely, during the central daylight hours (y), the PV production exceeds
the demand to the extent that the surplus energy cannot be traded with neighboring
countries and must be curtailed. The generation curtailment occurs because of the reached
minimum limit in the net load curve, which cannot be reduced to zero due to the technical
minimum and the response times of those power facilities that are crucial for ensuring
grid safety. Given this, it is evident that for such a grid, it would be desirable to minimize
PV curtailment by storing the excess production for subsequent use. New PV installations
would lead to an increase in the generation curtailment shares. Therefore, the EMS
proposed for the PV-H2-CAES system is conceived to enhance the grid flexibility, thus
enabling the installation of new PV capacity.
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Figure 21. Daily PV curtailment in the CAISO grid on April 16, 2023.

The PV-H2-CAES system can directly feed the PV power into the grid or use it for
charging the energy storage sections. From an efficiency point of view, direct feed-in is
the preferred option. However, with reference to the five periods experienced in electrical
grids with high shares of VRES plants, the EMS applied to the PV-H2-CAES plant
considers that:

- during the early morning (B) and late evening (8) hours, the PV power is directly
fed to the grid;

- during the generation curtailment periods (y), the PV power is used to power both
the air compressor and the PEM electrolyzer, prioritizing the air compressor;

- during dark hours (a and €), the CAES is discharged.

The EMS of the PV-H2-CAES systems is better explained in Figure 22. During early
morning () and late evening (8) hours, the considered grid has the capacity to dispatch
additional PV power (no curtailments), and therefore, the PV power can be directly fed
into the grid, resulting in valuable support for ramp rate reduction. Although it is not the
case for the EMS considered, in grids without the capacity to dispatch additional VRES
power, the PV power can be used to charge the CAES section even during § and o periods.

During the generation curtailment periods (y), since any additional PV feed-in would be
curtailed, the PV power is used to charge the CAES section. This way, the PV generation
is not curtailed, nor does it worsen the flexibility of the grid. In more detail, during the
charge phase, the PV power is used to power both the air compressor and the PEM
electrolyzer. The electrolyzer is powered residually compared to the compressor due to
its greater load modulation capability, making it excellent for performing peak shaving
of PV plants (smoothing of uncertainty in production). In case of full storage or maximum
power capacity of the compressor and electrolyzer, any excess PV power is considered
curtailed.
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Finally, the discharge of the CAES section during dark hours (o and ¢), allows for
enhancing the share of energy produced during dark hours from RES, providing inertia,
and increasing the energy independence of the grid. However, if the grid were to require
additional power during other moments of the day, the flexibility of the system would
allow for a discharge phase, operated rapidly thanks to the brief startup time of a
conventional gas turbine.

100

80 -

60 -

[ JEey
l:l EP\/.curt
- EF‘V,HZ
- EFV,Air
e,
- EP\/,G

40

20

H2-CAES load (MW)

-20 -

-40

-60 [~

-80

1 1 1 | | 1 1 Il 1
1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour

Figure 22. Energy management strategy of the PV-H2-CAES system.

5.3.3 Parameters

Hourly weather data are obtained by Meteonorm software version 7.2 [33] and refer to a
site located in California. The main data and assumptions of the PV system are reported
in Table 7.

Table 7. PV system design parameters.

Parameter Value Unit
Nominal power of a PV module [34] 360 Wp
Tilt angle 30 °
Azimuth angle 0 °
Derating factor (fpy) 0.90
Nominal inverter efficiency (n;yy) 0.978
STC conversion efficiency of a module (1py s7¢) 0.221
STC cell temperature (Tsrc) 25 °C
Net Operative Cell Temperature (NOCT) 41.5 °C
Ambient temperature at NOCT conditions (Tapp nocr) 20 °C
Global Solar Irradiation at NOCT conditions (G Iyocr) 800 W/m?
Solar transmittance and absorptance () 0.9
Temperature correction factor (0) -0.29-102  1/K
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The PEM design parameters assumed in this analysis are summarized in Table 8.

Table 8. PEM electrolyzer design parameters.

Parameter Value  Unit
Nominal power [36] 2 MW
Transfer coefficient apgy [35] 0.34
Constant coefficient Bpgp [35] 0.06
Membrane thickness &, [35] 0.04 cm
Humidification factor Az [35] 17
Membrane cross-sectional area A [35] 100 cm?
Faraday constant F 9648533 C_
mol
Diffusion limit current density i;;,, [35] 1.55 i
cm?
Exchange current density i [35] 0.0013 i
cm?
Pump and heater energy consumption* 0.3 %
Operating pressure [36] 30
Operating temperature [36] 40
Specific Hz production 17

*Referred to the total energy required by the electrolyzer

5.3.4 Compression and expansion trains

The air compressor train comprises four multistage centrifugal compressors. The choice
of centrifugal compressors is made according to Baljé [37] because of the low mass flow
rate and the high-pressure ratio. The mathematical model is developed based on the
Casey-Robinson method [38], used to estimate the design and off-design performance of
compressors. At the outlet side of each compressor, an aftercooler is used to reduce the
temperature of the compressed air, thus lowering the total power required by the
compression train. The compressor is designed for a maximum pressure of 70 bar.

The expansion train includes two turbines, two combustion chambers, and a regenerator.
The system is assumed to operate in a steady-state condition and with constant isentropic
efficiencies for the turbines. To operate the expansion train in constant pressure mode, as
for the McIntosh CAES plant, pressure regulators (PR) are modeled as adiabatic
processes. The heat exchanger before the PR prevents the air stream temperature from
dropping below the freezing point.
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5.3.5 Storage units

The minimum pressure for the air storage volume is determined by the operating range
of the air compressors. The minimum pressure for each of the hydrogen storage tanks is
instead assumed according to the operating pressure of the combustion chambers.

5.3.6 Performance indicators

The performance of the integrated PV-H2-CAES system is evaluated by means of the
three performance indicators described in the present section. The performance indicators
measure the system efficiency, the system capacity to minimize PV curtailment, and the
capacity factor of the plant during dark hours.

The system efficiency (npy_n,—cags ) measures the overall efficiency of the integrated
system in delivering PV energy to the grid, either directly or through the CAES process:

Epyc +Erg
MPV-H,~CAES =~ p— (5.1
PV
where Epy ; represents the energy directly fed into the grid, E7 ; the energy generated
during the CAES discharge phase and Epy the PV potential energy production.

The curtailment of PV energy (PV,ygr) quantifies the ratio of PV energy that is curtailed
due to reaching the maximum storage capacity and the impossibility of further dispatch
(neither stored nor directly fed into the grid) over the potential energy production of the
PV system:

Epy curr
Epy
The capacity factor during dark hours (CFpy) is an evolution of the traditional capacity
factor and measures the number of CAES equivalent generation hours over the total dark

hours:

PVoyrr = (5.2)

Erc-EOH; EOH;
CFpy = — = 53

where EOHy represents the Equivalent Operating Hours of the CAES section (during

discharge) and DH is the number of dark hours over a given period. CFpy can also be
intended as a flexibility indicator which assesses the capacity of the system to assist the
grid through feed-ins of inertial energy from RES during periods of PV absence.

5.3.7 PV-H2-CAES plant sensitivity analysis

A sensitivity analysis is carried out by varying four design parameters: the rated power
of the PV plant, the rated power of the compressor train, the rated power of the
electrolyzer, and the storage capacity. The rated power of the PV plant (Epy) ranges
between 0.5 to 2 times the turbine power (E;), while, considering that the compressor and
the electrolyzer are powered by the PV system, their sizes (E; and Epgy) vary
independently in a range between 0.1 to 1 time the size of the PV plant. The storage
capacity, expressed in terms of the nominal discharge duration of the CAES system at
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full power, is considered within the range of 7-13 hours: this range is determined
considering the cumulative frequency of consecutive dark hours that occurred in
California in 2022 and reported in Figure 23. It can be observed that a storage capacity of
13 hours is potentially sufficient to cover nearly all (99.5%) of the consecutive dark hours
of the year. The lower storage capacity (7 hours) is instead chosen as the nearest integer
to the cumulative frequency value at about 20%.
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Figure 23. Cumulative frequency of consecutive dark hours in California in 2022.

The main design parameters of the integrated PV-H2-CAES plant are summarized in
Table 9.

Table 9. Integrated PV-H2-CAES plant design parameters.

Parameter Value Unit

Turboexpander power E; 42 MW
Photovoltaic power Epy (05 —2)-Ep MW
Compressor power E (0.1 —1)-Epy MW
Electrolyzer power Epgy (0.1 —1)-Epy MW

Storage capacity tqcn 7 —13 hours
Air Storage capacity (48 —8.9)-10* m’
Air storage pressure range 46 — 75 bar

HP H, Storage capacity (1.5 —2.8)-10° m’
HP Hb> storage pressure range46 — 75 bar
LP H> Storage capacity (6.4 —1.2)-103 m’
LP H; storage pressure range 16 — 30 bar
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5.3.8 PV-H2-CAES system efficiency
Figure 24 shows the variations of NMpy_p,—cags across the four design parameters

(Epv, Ec, Epgm, tach )- Each subplot displays the system efficiency while considering
variations in the compression train and the electrolyzer powers for a given value of Epy
and tycn. The analysis is carried out over a wide range of PV power and storage capacity
values, and the results are presented for three values of Epy/Et and three values of tgcp,.

For the design parameters here considered, the system efficiency is always included in
the range of 0.45—0.62. Independent of Epy and tqp,, the highest Npv—-H,-CAEs Values are

observed for Epgy /Epy within the range of 0.7—0.9 and for E¢/Epy within the range of
0.20—0.25. Solutions minimizing the sizes of the electrolyzer and of the compressor train
are preferable when efficiencies are equivalent. Lower Epy/Er values lead to higher
efficiencies at the expense of lower capacity factors, as reported in the following
subsections.

For a given storage capacity (tgch), high PV power values lead to lower system
efficiencies. In fact, high amounts of PV generation are lost due to limitations in
dispatchability and CAES storage capacity. As a result, the share of curtailed energy
increases and, consequently, the system efficiency decreases.

Focusing on the area with the highest system efficiencies (orange/red colored areas), for
a given Epy/Er, increasing tgc, from 7h to 10h results in a system efficiency increment,
but no further relevant improvements are observed for greater storage capacities. This
implies that a 10-hour storage capacity is adequate to maximize the PV energy shift
towards dark hours. From a perspective that combines economic and technical aspects, a
smaller storage capacity under comparable conditions is certainly preferable.

Finally, all the graphs of Figure 24 show the influence of Epgy/Epy and E¢/Epy on
system efficiency. Increasing the power of the PEM electrolyzer improves the system
efficiency up to a plateau, while the growth of the compression train power results in
raising the system efficiency to a maximum before declining. In fact, while the
electrolyzer is a modular system with a broad power range, capable of managing a wide
range of fluctuating power inputs, the compressor operating power range is limited, and
it is related to the air cavern pressure at any given time. As a result, not enough power is
averagely provided by the PV plant for excessively large-sized compression trains,
resulting in the curtailment of an increasing share of the PV power. Essentially, for
compressor sizes significantly larger than the PV size, it would be necessary to
substantially increase the size of the PEM electrolyzer to achieve results like those
obtained with much smaller compressor and electrolyzer sizes.
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Figure 24. npy_py,—caks as a function of the PV-H2-CAES design parameters.

5.3.9 PV-H2-CAES system photovoltaic curtailment

Figure 25 shows the variations of PVoyrt across the four design parameters. The
curtailment of PV energy is included in the range of 0.04—0.50 and increases with Epy.
In particular, for each configuration, the minimum curtailment rises from 4% for Epy =
0.5Er up to 15% for Epy= 2Er, with an intermediate value of 8% for Epy = Er.
Independently of Epy and tge,, lowest PVeygrr values are found within a range of
Epgm/Epy between 0.7 and 0.9, and for E¢/Epy between 0.20 and 0.25. As expected,
these ranges are the same, which leads to the highest system efficiencies.

For a given t4.,, increasing the power of the PV plant leads to greater curtailment values
due to the growing amount of PV energy that cannot be fed into the grid, and because the
CAES is unable to store it. As for the system efficiency, for a given value of Epy/Er,
storage capacities exceeding 10 hours have a negligible effect on PV curtailment.
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Figure 25. PV, as a function of the PV-H2-CAES design parameters

5.3.10 PV-H2-CAES system capacity factor during dark hours

Figure 26 shows the capacity factor CFpy across the four design parameters. Overall,
CFpy varies between 0.02 and 0.21. Maximum values of CFpy are 0.06, 0.12 and 0.21
and are achieved for Epy = 0.5E, Epy = Erand Epy = 2Er, respectively. As observed
for the other performance indicators, the highest CFpy values are found for Epgy/Epy
within the range 0.7—0.9 and for E¢/Epy within the range 0.20—0.25, independently of
Epy and tgcp,. For a given tgcy, higher PV power leads to higher capacity factors. In fact,
as more energy is made available to the CAES system, the amount of energy shifted to
the dark hours increases as well. Given that the turbine power is kept constant in this
analysis, increasing the PV size increases CFpy. This means that the system is capable of
producing electrical energy for 6%, 12%, and 21% of the dark hours throughout the year.
Consistent with the trends described in the previous sections, for a given Epy/Er,
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5.3.11 PV-H2-CAES optimal performance
The analyses of the three performance indicators reported above allow to identify a
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combination of design parameters (Epgy, Ec, tgen) that maximizes the overall yearly

performance of the plant, for each considered Ep,. Each combination of parameters and

the relative system performance are reported in Table 10.



Table 10. Design parameters for maximizing the PV-H2-CAES performance.

Parameter
Epy (MW) > Er 21) 1E; (42) 2 Er (84)
taen () 9 10 7
O L
Ee (W) B S ' M 1
Npv-t,—cags (- 0.619 0.606 0.581
PVeurt () 0.035 0.075 0.148
CPpy () 0.064 0.119 0.202
H>-CAES roun(}k-trip efficiency 0.345 0.345 0.345
Nrr™ (-)

Air storage volume (m?) 6.2-10* 6.9 - 10* 4.8-10*
HP H, storage volume (m?) 1.9-103 2.1-103 1.5-103
LP H, storage volume (m?) 8.2-107? 9.2-103 6.4-103

Epy (GWhly) 55.08 158.63 220.41
Epy ¢ (GWhJy) 2420 96.86 96.86
Epy curr (GWhYy) 2.18 8.30 32.53
Epy 12—cags (GWhYy) 28.70 53.47 91.02
Epy piw (GWhYy) 20.93 38.96 66.30
Epy c (GWhly) 7.77 14.51 24.72
Er; (GWhly) 9.87 18.37 31.29

E; (GWhly) 34.07 115.23 128.16

*MNpr = ET,G/EPV,HZ—CAES

A 3D view of the three performance indicator values for Ep,, = Ep is reported in Figure

27.
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Figure 27. Performance indicators npy_p,—cags (a), PVcygrr (b) and CFpy(c) for Epy, =
Er

5.3.12 PV-H2-CAES system seasonal performance

Figure 28 shows the seasonal trend of PV, ygr as well as the distribution of the potential
PV energy generation between the three main flows: Epy ¢, Epy n,—caps and Epy cyrr-
Figure 29 displays the seasonal variations of Npy_p,—cags as well as the distribution of
the seasonal energy generation of the PV-H2-CAES plant, highlighting the contributions
from both the direct PV feed-ins and the CAES feed-ins. Figure 30 displays the seasonal

CFpy of the H2-CAES plant, along with the seasonal maximum potential and effective
CAES feed-ins.

During winter, which is the season characterized by the lowest levels of solar irradiance
in California, the potential of the PV system can be fully exploited: in fact, there is no
curtailment, and 100% of the PV energy is directly fed into the grid. Consequently, the
Npv—-H,-cags 18 equal to one and the winter CFpy of the plant is equal to zero. On the
contrary, during seasons with high levels of solar irradiance, namely spring and summer,
only a small amount of PV energy is directly fed into the grid (22% in spring and 7% in
summer), and almost all the remaining energy, otherwise curtailed, can be stored by the
CAES system. The stored energy is subsequently used to produce energy during dark
hours. Indeed, the CFpy during spring and summer reaches values within the range of
0.2—0.3. The energy transformation processes involved in the H2-CAES section during
spring and summer determine lower Npy_y,_cags values compared to winter, with a

minimum of about 0.36.

During autumn, the behavior of the PV-H2-CAES system lies between the two scenarios
previously described. In fact, a significant share of energy is directly fed into the grid,
while the remaining is mostly stored by the CAES system, with only 3% of generation
curtailment. In scenarios with even higher RES penetration, these results suggest that such
a system could be considered a viable solution also for seasonal energy storage, although
this entails a significant increase in the size of the storage sections. This way, the plant
could theoretically eliminate any curtailment during the seasons with overgeneration and
generate inertial power even during winter.
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5.3.13 Summary of PV-H2-CAES performance

In a case study represented by a real grid with high-variable renewables penetration and
frequent dispatchability issues, the analysis demonstrates that the hydrogen-fueled CAES
system is capable of storing for subsequent use the otherwise curtailed renewable energy,
with a system efficiency of about 62% and a capacity factor during dark hours of about
20%, reducing curtailment to a minimum of 4%. The system is particularly suited to
exploit PV generation during spring and summer, as it can store up to 88% of the excess
generation.

In light of the results, the integrated PV-H2-CAES system appears to be a promising
option to allow the connection of additional RES power even in grids with high variable
renewables penetration. Additionally, the system assists in addressing high ramp rates
and ramping ranges and provides inertial power during dark hours, reinforcing the grid
resilience and increasing the RES share on the energy mix.

5.4 Hydrogen integration in Pumped Hydro systems

Techno-economic performance of unpredictable renewables is often assessed without
considering dispatch limitations over the lifetime. This assumption is increasingly less
likely, and generation curtailment can reduce performance and increase LCOE. For this
reason, this analysis first examines the efficiency decline and LCOE rise for floating
photovoltaics coupled with pumped hydro storage connected to grids with high
curtailment levels. Findings confirm that performance degradation is mitigated by
enhancing self-consumption. Subsequently, the integration of a water electrolyzer is
studied to consume photovoltaic electricity with secondary priority to the pumped hydro,
to improve efficiency, reduce LCOE, and produce green hydrogen. Unlike other
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curtailment mitigation techniques, hydrogen production from excess generation allows
decarbonizing hard-to-abate sectors. The analysis is conducted considering a pumped
hydro energy storage system setup in Sardinia (Italy), integrated with floating
photovoltaics and anion exchange membrane electrolyzers of various sizes.

In this framework, power generation and energy storage integrated systems capable of
storing great amounts of surplus VRES generation will be particularly valuable in the
future [125], as they allow for the reduction of VRES curtailment while increasing the
overall revenue. Numerous promising solutions are currently studied, such as integrated
plants [126], [127] that leverage the advantages of coupling the same natural resource
with different conversion and storage technologies [128]. Among them, one of the most
interesting options focuses on floating photovoltaic integrated with PHES systems and
water electrolyzers.

FPV systems [129] allow for decoupling the required PV generation from land
consumption [130]. Unlike Ground-mounted Photovoltaic (GPV), FPV technology
involves installing PV modules on water surfaces, such as seas and lakes, with
comparable OPEX costs and an average of 10% higher CAPEX costs. According to
Elminshawy et al. [131], who conducted an experimental study in the region of Port Fuad
in Egypt, FPV systems present a Levelized Cost Of Electricity (LCOE) below 60 $/MWh
for a lifetime of 25 years, considering an average daily solar radiation of 718.3 W/m? and
a daily average temperature of 33.5 °C. FPV systems provide numerous benefits,
including higher efficiency due to the cooling effect of water on cell temperature and the
minimized shading effects on modules [132], lower dust accumulation [133], and the
potential for using bifacial modules [132]. Moreover, capital costs for land acquisition
and preparation are reduced [134]. Additionally, FPV reduces evaporation of water
bodies by about 7,000-10,000 cubic meters per MW of installed capacity, while
mitigating algae growth [134]. On the other hand, the effect of large-scale FPV
installations on water quality and the related ecosystem is not yet fully understood [135].
It is established that, when FPV systems are installed in saltwater, there is accelerated
degradation of cables, reduced electrical insulation, and copper release into the water
[136].

Integrating FPV systems into existing PHES systems effectively provides an ESS without
additional CAPEX [137], significantly enhancing its economic viability [138].
Ghandehariun et al. [139] proposed a PHES system comprising both photovoltaic and
wind technologies, calculating an LCOE lower than 100 $/MWh. The proposed plant is
located in Iran, where the maximum irradiance throughout the year is 1,081 W/m? with
an average monthly temperature of 36.6 °C.

Integrating FPV technology with hydrogen production is seen as a promising solution for
the energy transition, as described by Temiz et al. [140]. In their study, they assessed the
performance of a PEM electrolyzer integrated with an FPV plant and a hydrogen fuel cell,
for a case study in Turkey. The study demonstrated excellent results in terms of increased
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Self-Consumption (SC), but with an unsustainable LCOE of 612 $/MWh. However,
better profitability indices can be achieved if hydrogen is used for external applications,
such as in hard-to-abate sectors. This underscores why green hydrogen production via
FPV systems is seen as a promising area for further research [134].

5.4.1 FPV-PHES-AEM plant configuration

The analysis considers integrating an FPV system first, and later an AEM electrolyzer,
into a baseline PHES setup. The schematic of the complete FPV-PHES-AEM
configuration is reported in Figure 31, showing the main energy and material flows. The
analysis considers an existing river-based PHES system. Due to the high energy costs
associated with pumping water, the existing PHES facility is currently used as an
impoundment facility, generating energy (EHPP) only in response to the water demand
of the downstream district. The integration of an FPV plant enables the PHES system to
effectively provide an energy storage service (EPHES).

|
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Figure 31. Energy and material flows of the FPV-PHES-AEM system.

The FPV system supplies the energy for pumping water (Erpv pHEs) and for operating the
AEM electrolyzer (Erpv,aem). Starting from the stored water, the hydro turbine generates
additional electricity (Epurs) for the grid. Depending on the possibility of dispatch, the
surplus FPV energy (Erpv,sur) is fed into the grid (Erpv,g) or curtailed (Erpv,curt). The
first case is herein named NO-CURT scenario, while the latter CURT scenario. The two
scenarios are opposite: in the CURT the FPV power dispatch is never allowed
(Erpv,sur=Erpv.curt and Erpyv,G=0), while in the NO-CURT the surplus FPV power
dispatch is always allowed (Erpv,sur= Erpv,c and Erpv,curt=0). These two scenarios are
useful for evaluating PV-based systems connected to grids with very high levels of
photovoltaic curtailment (CURT scenario) compared to grids that accept photovoltaic
feed-ins (NO-CURT scenario). Many intermediate solutions will lie between these two
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opposite scenarios. While the CURT is a forward-looking scenario, the NO-CURT
represents an increasingly unlikely scenario.

A logical scheme of the energy management strategy considered in the analysis is
reported in Figure 32. FPV energy is firstly used for PHES charging (Erpv puEs), and
secondly, to operate the electrolyzer (Erpv,aAEm). Any excess FPV production represents
the energy surplus (Erpv,sure). If the dispatch is allowed (NO-CURT scenario), energy
surplus is fed in the grid; otherwise (CURT scenario), it is curtailed. Referring to the
PHES discharge, it starts only if the turbine is not already in operation in response to the
district water demand. Additionally, discharge starts only after sunset, lasting 4 hours at
nominal flow conditions. The choice of the 4-hour discharge period is based on an
analysis of the highest hourly zonal marginal prices of electricity for non-PV production
hours, typically corresponding to the four hours immediately after sunset. This period
reflects the higher residual electricity demand during the evening peaks, compared to
other times of the day. Therefore, by generating energy during these hours, a valuable
service is provided to the electricity grid.

START

possibile to
operate the PHES
for 4 hours?

—

PprEs>0
(PHES discharge)

FPV,PHES max2PrPVZPEpV,PHES, min v
es

|

Prpv,pHES>0
(PHES charge)

Pepv,aEM max2Prpv-Prpv,pHESZPFPY,AEM Min Yes

l

Pepv,aem>0
(AEM active)

Is dispatch of

Pepv sur allowed? Yes

Prpv,sur=Prpv,curT Prpv.sur=Prpv.c
(CURT scenario) (NO-CURT scenario)

Figure 32. Logical scheme of the FPV-PHES-AEM energy management strategy.
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Figure 33 illustrates the results of the EMS applied to the FPV-PHES-AEM system
throughout a typical day. In the diagram, positive values represent the electricity self-
consumption of the system (charge phase), either for water pumping or hydrogen
production, while negative values represent the electricity generated by the system.
Erpv,sur is represented for completeness, although it can be entirely fed into the grid
(Erpv,g) or partially/totally curtailed (Erpv,curt) and consequently not produced,
depending on the dispatch possibilities. As previously mentioned, EHPP is a constraint,
but it is not accounted for in the system's performance evaluation.

20 T

I I T I I I

16 “:I EFPV,PHES -EFPV,AEM .EFPV,SUR . EHF'P I:I EPHES \ -
~ 12 .
=
S 8f .
® 4r ]
3

HERE

-8 1 | | | 1 1 | | 1 1 | |

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hour)

Figure 33. Energy management strategy of the FPV-PHES-AEM system. Positive
values: consumption, negative values: feed-in.

5.4.2 Mathematical model and parameters

The mathematical model of each section of the integrated FPV-PHES-AEM system was
developed utilizing MATLAB version R2024a. Computational simulations were
conducted considering a time horizon of one Typical Meteorological Year (TMY)
sourced by NREL [141] and a time step of one hour.

The PHES system considered in this analysis is located in Sardinia, Italy, and includes a
Francis turbine, a pumping station, and two reservoirs. The design parameters are
reported in Table 11, and the capacity curve and monthly filling profile of the upper
reservoir are reported in Figure 34a and Figure 34b, respectively.
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Table 11. PHES plant design parameters.

Component Parameter Value Unit
Upper reservoir Authorized capacity Vup,auth 420 10 m?
Maximum capacity VuPp, max 792 10® m?
Elevation (min-max) hyp 55.45-118 m
Lower reservoir Authorized capacity VLow auth 9.5 10° m?
Maximum capacity VLow, max 9.5 10® m?
Elevation (min-max) hyow 38 —45 m
Hydraulic turbine Nominal power Prhom 19.6 MW
(Francis) Nominal flow Qr 30 m?/s
Maximum head ht max 118 m
Minimum head hT min 66 m
Useful head (design hT des 78.2 m
conditions)
Efficiency (nominal NT.nom 0.91 -
conditions)
Number of pumps - 2 -
Nominal power Pp1 nom 0.627 MW
Pump type | Nominal flow Qp1nom 0.625 m>/s
(constant speed)
Nominal head hp1nom 80.5 m
Nominal efficiency MNP1nom 0.78 -
Pump type 2 Number of pumps - 4 -
(constant speed) Nominal power Pp2 nom 1.205 MW
Nominal flow Qp2nom 1.2 m?/s
Nominal head hp2 nom 80.5 m
Nominal efficiency MNP2.nom 0.78 -
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Figure 34. Capacity curve (a) and monthly filling profile during 2023 (b) of the upper
reservoir.

The pumping station includes six constant-speed electric pumps: two of Type 1 (0.627
MW) and four of Type 2 (1.205 MW). The number and type of pumps activated are
optimized hour by hour by the EMS to maximize the utilization of the FPV power
production.

Table 12 reports the FPV system design parameters assumed in this study, primarily
derived from the technical data of a commercial 500 W module [142]. Figure 35 shows
the GI, T, and Uying, obtained from the NREL database for a TMY for the considered
location (40°06'40.6"N 8°54'00.6"E). The site is characterized by an average and
maximum GI of 0.2 kW/m? and 1.1 kW/m? respectively, and a yearly global irradiation
of 1,758 kWh/m?.

Table 12. FPV system design parameters.

Parameter Ref. Value Unit
Nominal power of a PV module [61] 500 Wp
Area of a PV module [61] 2.12 m?
Tilt/azimuth angle [60] 10/0 °
Derating factor (fpy) [60] 0.90 -

Nominal inverter efficiency (nyy)  [62] 0.978 -
Temperature correction factor (Bref) [61] -0.275-102% K
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Figure 35. Global irradiance (a) and average ambient temperature and wind speed (b) for the
considered location (TMY).

The hydrogen production, compression, and storage system considered in the analysis is
composed of an AEM electrolyzer, a hydrogen compressor, and a pressurized tank.

The model was validated by comparing the calculated performance with that of a
commercial AEM electrolyzer [143]. Validation results are reported in Table 13 together
with the AEM electrolyzer design parameters.

Table 13. AEM electrolyzer design parameters and validation results.

Parameter Ref. Value Unit

Commercial Present study

AC voltage 3x400 3x400 A%
Number of cells [143] 420 420 -
Nominal power [143] 1.008 1.008 MW
H> outlet pressure [143] 35 35 bar
H; outlet temperature [143] 55 55 °C
Operational flexibility [143]  3%-100% 3%-100% -
H> nominal flow rate [143] 18.875 18.889 kg/h
Specific power consumption  [143] 53.30 53.30 kWh/kgH>
Membrane cross-sectional area [144] n.a. 500 cm?
Electrode cross-sectional area  [144] n.a. 500 cm?
Membrane thickness [47] n.a. 50-10°° cm
Electrode thickness [47] n.a. 8107 cm

To ensure compatibility with hydrogen-tube trailers, the most prevalent hydrogen
transport system for hard-to-abate sectors [145], a pressurized hydrogen tank operating at
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200 bar is selected. According to Tjarks et al. [146], the compression energy needed to
raise hydrogen pressure from 35 (AEM outlet) to 200 bar (storage) equals 0.75
kWh/kgHo.. Since this energy represents less than 1.5% of the electrolyzer specific energy
consumption (53.30 kWh/kgH>), it is included in the total electrolyzer consumption.
Therefore, when referring to the AEM's power (Pagwm), it is understood that this includes
the power of the compressor as well.

5.4.3 Performance indicators

The performance assessment, carried out for both the FPV-PHES-AEM and the FPV-
PHES configuration, is conducted by means of the First-law efficiency (n;), the Self-
Consumption of the FPV energy, the LCOE, and the LCOH. Performance is also
discussed in terms of electricity flows, enabling combined assessments of both the PHES
and FPV system generations, and yearly hydrogen generation.

More in detail, the first-law efficiency (n;), hereafter referred to simply as "efficiency",
is calculated as:

_ EPHES + EFPV,G + EHZ

(5.4)

n
! Erpy

Where the energy associated with hydrogen E};, has been calculated considering a Lower
Heating Value of 120 MJ/kg.

The self-consumption SC is defined as the ratio between the sum of the FPV energy self-
consumed by the plant to power the PHES system (in the FPV-PHES configuration) or
the PHES and AEM systems (in the FPV-PHES-AEM configuration), over the total FPV
generation for one year.

SC = EFPV,PHES' + EFPV,AEM -1 EFPV,SUR

(5.5)
Erpy Egpy
The levelized cost of electricity for both the FPV-PHES-AEM configuration and the FPV-

PHES configuration is calculated as:

c E + c E
LCOE= FPV “FPV,G PHES “PHES

5.6
Erpy ¢+ Epnes (56)

The cost of electricity produced from the FPV system cgpy is evaluated according to
Elminshawy et al. [131], considering a yearly PV module degradation (d) of 0.5% and
the actual generation (net of curtailment):

(CAPEX + OPEX),

D -
_ n a+n
Crpv = 5 (Erpy — Eppy,curr)(1 — )™ .7)
n a+m

While the cost of electricity produced from the PHES system cpygs is calculated based
on Ghandehariun et al. [139]. In particular, cpygs includes both the operational
expenditures and the initial expenses for the revamping of the existing PHES
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electromechanical components (REVEX), estimated at 10% of the greenfield
construction cost [139] based on a preliminary assessment for the specific plant:

(REVEX + OPEX + EFPV,PHES * CFPV)TI.

n (1 + l)n (5.8)
y _Epnes
HEDE

Referring to the FPV-PHES-AEM configuration, the levelized cost of hydrogen is

calculated according to Kim et al. [48] as well as Moran et al. [147] as:

CpHEs =

5 (CAPEX + OPEX + Eppy gy - CFPV)n Ly (CAPEX + OPEX),,
n (1 + i)n n a+on (5.9)

LCOH =

Muzy
LT ¥ )n 1+n
where the first term refers to hydrogen production and compression, and the second to
storage.

Because the PHES pumping system, hydrogen electrolyzer, and compressor use the
electrical energy produced by the FPV plant, the LCOE of the PHES and the LCOH are
calculated starting from the cost of electricity generation of the FPV section. All costs are
calculated considering the cost assumptions reported in Table 14, with a discount rate (i)
of 4.5% and a lifetime of 25 years. This lifetime represents the minimum among the
operational life spans of the PHES system, the FPV system [148], and the AEM
electrolyzer [149]. Regarding the degradation of the components, the economic model
accounts for the yearly efficiency loss of the photovoltaic modules which reduces the
energy available for hydrogen production over time. For the electrolyzer, distinct capital
expenditures for periodic stack replacements are considered by matching the stack
lifetime with the project horizon of 25 years. Therefore, the costs associated with
performance degradation are considered within the OPEX costs.
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Table 14. LCOE and LCOH assessment assumptions.

Subsystem Parameter Ref. Value Unit
FPV PV module [131], [150] 0.22 $'W
Electrical components [131] 0.12 $/W
Supplementary costs [131], [150] 0.23 $'W
Balance Of System [131] 0.13 $'W
Floater system [131] 0.14 $'W
Ope'ratlon and [131] 0.026 $/Wly
maintenance
PHES Investment cost for [139] 0.13 /W
revamping '
Ope‘ratlon and [139] 0.025 $/Wly
maintenance
AEM Stack components [48] 0.19 $/W
Balance of Plant [48] 0.26 $/W
Supplementary costs [48] 0.37 $/W
Ope‘ratlon and [48] 0.056 $/Wly
maintenance
H> storage . [151] $/kg
1
(200 bar) Capital cost 385
Operation and [151] 77 $/kgly
maintenance '
H> compressor Capital cost [151] 4,948 - p 066 $
Operation and [151] 08 . P 066 $ly
maintenance

5.4.4 FPV-PHES configuration results

For the case study, the floating photovoltaic system has been sized to maximize the use
of the existing electrical connection of the turbine (25 MW). This approach is typically
adopted to enable the dispatch of 100% of the FPV power. Given that, the AEM
electrolyzer size is varied within the range from 1 to 20 MW, which ensures 100% self-
consumption even at the highest Prpy. The hydrogen tank size is calculated, for each
configuration, to store the maximum daily hydrogen production realized throughout the
year.

With reference to the FPV-PHES configuration, Figure 36a shows the components of the
energy produced by the FPV system EFPV (Erpv phEs, Erpv,sur) and the self-consumption
SC for different FPV sizes. Figure 36b shows the PHES and FPV surplus energy
generation, as well as the efficiency (7;). Figure 36¢c shows the LCOE under the two
scenarios (CURT and NO-CURT), while Figure 36d displays the total volume of water
flowing through the turbine of the PHES systems for one year.
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In Figure 36a, the trend is caused by the fact that, to the left of the peak, the FPV system
is undersized relative to the PHES pumping system duty point (3.9 MW), while to the
right of the peak, the FPV system is oversized. As the size of the FPV grows, an increasing
amount of energy is available to the PHES pumps, up to their maximum capacity (around
6 MW). Beyond this point, increasing shares of FPV energy cannot be utilized by the
pumping system, and therefore, the surplus FPV energy grows faster.

The efficiency (17;) of the FPV-PHES system is shown in Figure 36b for both the CURT
(Erpv,sur=Erpv,curt and Erpv,c=0) and the NO-CURT (Erpv,sur=Erpv,c and Erpv,curt=0)
scenarios. For low FPV sizes, the PHES generation (Epugs) increases with increasing PV
power, while the share of surplus PV energy (Erpv,sur) remains constant. Beyond the
maximum SC point, as Prpy increases, in the NO-CURT scenario, the efficiency increases
because direct FPV feed-ins increase; in the CURT scenario, the efficiency decreases
because FPV production is increasingly curtailed. An effective method to mitigate the
variation in system efficiency caused by the level of curtailment is to maximize self-
consumption.

Figure 36¢ shows the LCOE of the FPV-PHES system for both the CURT and the NO-
CURT scenarios. The trend of the two LCOEs is strongly correlated with the efficiency
trends described above. In fact, the LCOE of the NO-CURT scenario decreases as the
FPV size increases, and consequently, the share of FPV feed-ins (and efficiency) rises.
Like the efficiency trends, larger shares of FPV energy are curtailed rather than used. The
gap between the LCOE in the CURT scenario and the LCOE in the NO-CURT scenario
widens as the level of self-consumption decreases, while it is minimized at higher self-
consumption values.

Figure 36d shows that increasing the power of the FPV system results in an increased
water transfer between the two reservoirs because a larger amount of energy can be
provided to the pumping system. As the energy production of the PHES is directly related
to the volume of water transferred, Epues increases with the size of the FPV plant.
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Figure 36. FPV generation and Self-Consumption (a), Electricity feed-ins and efficiency
(b), LCOE (c), and VPHES (d) for various sizes of the FPV system (FPV-PHES
configuration). Green dot: case study.

5.4.5 FPV-PHES-AEM configuration results

One viable approach to mitigate the increase in LCOE, even if dispatch conditions
change, is to integrate an electrolyzer into the FPV-PHES configuration to simultaneously
produce hydrogen. For the case study, an electrolyzer size that maximizes the self-
consumption is selected.

Figure 37 presents the results in terms of self-consumption, PHES, and hydrogen
generation as a function of the size of the components. A region where the FPV energy is
entirely self-consumed by the PHES pumping system and by the AEM electrolyzer is
identified in Figure 37a,b in the yellow area. Outside of this area, as the size of the FPV
increases, the system is no longer capable of utilizing all the FPV energy, the self-
consumption decreases, and the system performance is increasingly exposed to the risk
of curtailment. In Figure 37d, a flat region can be observed, where the FPV generation is
sufficient only to power the PHES, but not the electrolyzer.
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Figure 37. Self-Consumption (a), PHES (b), and hydrogen (c) generation for various
sizes of the FPV and AEM systems (FPV-PHES-AEM configuration).

The annual performance of the system is presented in Figure 38. A dashed line separates
the zone where the design conditions allow a SC > 0.99 (indicating a zone without FPV
surplus generation) from the zone where SC < 0.99. The area where SC > 0.99 is a zone
where the risk of generation curtailment is zero, regardless of the scenario.

Figure 38a shows that for FPV sizes up to about 6.5 MW (EFPV = 9.7 GWh/y), more
than 85% of the FPV energy can be consumed by the pumping section of the PHES
(Figure 38b). A 1 MW electrolyzer would be sufficient to achieve a self-consumption of
almost 1, and, consequently, avoid surplus FPV energy (Figure 38d). Above 6.5 MW, the
electrolyzer size becomes crucial for achieving high values of self-consumption. A
correlation between AEM and FPV capacities for SC=0.99 can be observed. Within the
region where SC<0.99, FPV surplus generation increases with increasing Prpv and
decreasing Pagm. From Figure 38e, the electrical energy fed to the grid by the PHES
(Epnes) increases with increasing FPV size up to the saturation limit of the PHES system.
Beyond this point, within the SC>0.99 zone, all the residual FPV energy is used to
generate hydrogen. As shown by Figure 38f, for fixed values of FPV power, the surplus
FPV energy generally decreases with increasing electrolyzer capacity, due to the fact that
larger electrolyzers can more effectively use the surplus FPV energy, allowing for up to
99% surplus utilization. Furthermore, increasing the FPV size for a given electrolyzer
capacity leads to hydrogen production and surplus FPV energy increase.

With reference to the case study, Erpv is equal to 37.3 GWh/y, 35.6% of which is
consumed by the PHES (13.3 GWh/y), 63.6% is consumed by the electrolyzer (23.7
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GWh/y), and 0.8% is surplus (0.3 GWh/y). The resulting PHES energy generation is 9.1
GWh/y, and the hydrogen production equals 412 tons/y.
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Figure 38. FPV generation (a), PHES consumption (b), AEM electrolyzer consumption
(¢), Surplus FPV energy (d), PHES generation (e), and hydrogen generation (f) for
various sizes of the FPV and AEM systems (FPV-PHES-AEM configuration). Green
dot: case study.

The results are presented in Figure 39, considering the performance indicators efficiency,
LCOE, and LCOH.

As shown in Figure 39ab, for fixed PFPV values in the NO-CURT scenario, the
efficiency decreases as the Pagm increases; in the CURT scenario, the opposite occurs. In
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the NO-CURT scenario, feeding the FPV energy into the grid is more efficient than
powering the electrolyzer; this is not possible in the CURT scenario, where it is preferable
to supply power to the electrolyzer rather than lose excess energy. In the case study, the
integration of an AEM allows the system's efficiency to be independent of the generation
curtailment value.

From Figure 39c,d, the lowest LCOE values in the NO-CURT scenario are consistently
associated with no hydrogen production. In contrast, in the CURT scenario, the lowest
values for LCOE are associated with solutions that maximize self-consumption. Like for
the efficiency, LCOE values for the two scenarios are comparable at SC = 0.99. In the
case study, the LCOE of the FPV-PHES-AEM system is the same for both scenarios. The
integration of the AEM thus allows the LCOE to be independent from generation
curtailment.

Figure 39e,f shows that the LCOH ranges from 5 $/kg to over 75 $/kg for both scenarios.
The lowest LCOH values are observed in the NO-CURT scenario, at the highest
efficiency levels, primarily due to the lower production costs of the FPV energy that
powers the electrolyzer.

In the analysis, the electrolyzer is primarily conceived to use the surplus energy that
would otherwise be curtailed, giving priority to PHES energy use. Therefore, although
certain combinations achieve remarkably high SC values, the capacity factor of the
electrolyzer remains around 27% for minimum LCOH.
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Figure 39. Efficiency (a,b), LCOE(c,d) and LCOH(e,f) for various sizes of the FPV and
AEM systems (FPV-PHES-AEM configuration) in the NO-CURT and CURT scenarios.
Green dot: case study.

5.5 Ammonia production

In the transition to decarbonized energy systems, green ammonia will play a key role in
reducing greenhouse gas emissions. However, its production remains an energy-intensive
and economically demanding process.
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RES-powered ammonia production offers a low-carbon alternative to the conventional
process and enables the storage and transport of renewable energy. Its potential
applications include use in the mobility sector, particularly as a fuel for maritime
shipping, storage and cracking into hydrogen, and direct use for electricity production in
the energy sector [26]. The electrification of the Haber-Bosch process could increase the
process energy efficiency by approximately 50% and reduce CO; emissions by 78%,
aiding the transition to more sustainable ammonia production [78]. Since the HB
synthesis process requires stable temperature and pressure conditions, as well as stable
hydrogen and nitrogen feeds to operate efficiently, a significant challenge arises from
directly powering the process with intermittent RES generation. Potential solutions
include electric energy storage via batteries, hydrogen storage tanks, combining different
RES sources, increasing the flexibility of the HB process, or developing new
electrochemical ammonia synthesis processes [25], [152], [153].

Regarding ammonia production costs, estimates of the LCOA in literature vary widely,
but are generally higher for green ammonia (720-1,400 $/ton) than for grey ammonia
(110-340 $/ton), produced with fossil fuels. Green ammonia LCOA is predicted to
decrease (310-610 $/ton) by 2050 [153], due to economies of scale, renewable energy
cost reduction, increased flexibility of the Haber-Bosch synthesis loop, and other
solutions to minimize hydrogen cost, in addition to dedicated policies [78], [153].

Several studies have investigated the LCOA. Nayak-Luke et al [154] assessed the
viability of islanded green ammonia production, suggesting that the LCOA of 473 $/ton
in 2020 can be reduced to 310 $/ton by 2030 in sites with optimal production. They
suggest that the revenue of the plant could be increased by selling byproducts such as
oxygen, argon, and excess hydrogen. Similar results are obtained in the analysis by
Cesaro et al [155], which estimated an LCOA of less than 400 $/ton by 2040.
Additionally, a strong key driver for ammonia cost reduction is the minimization of the
cost of electricity that drives the process.

Optimization models are employed to design plants and schedule operations. Among
them, MILP is widely used to minimize ammonia production costs. Yu et al [156] studied
green ammonia production in isolated systems by formulating a mixed integer linear
fractional programming problem to minimize the LCOA. Their study achieved a 43.53%
reduction in LCOA by exploiting the flexibility of the ammonia synthesis unit. Edmons
et al [157] developed an MILP model to study green ammonia production as a demand-
response strategy to mitigate RES fluctuations, including a direct ammonia fuel cell for
emergency power delivery. They determined that operational flexibility in the green
ammonia plant allows for reducing RES curtailment, thereby improving plant
profitability. Zhou et al [75] used a two-step optimization model based on particle swarm
optimization and MILP to account for non-linearities in the problem. For the ammonia
synthesis loop, they considered a wide partial load range of 30% to 110% and a ramp rate
of £20% to better respond to variations in RES power production, though off-design
efficiency variations and component degradation were not included. Their results showed
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a promising reduction in LCOA from an inflexible scenario, where the LCOA is
calculated at 549 $/ton, to a multi-stable flexible scenario with an LCOA of 475 $/ton.
Smith and Torrente-Murciano [158] determined that green ammonia costs strongly
depend on seasonal variability, production scale, and plant flexibility. In their study, they
compared different ammonia synthesis technologies, from conventional Haber-Bosch to
electrochemical processes. By employing a MILP optimization model, they determined
that flexible operations allow for a drastic reduction and even elimination of buffer
storage. Salmon et al [159] determined that further increasing the flexibility of
conventional HB processes, reducing the minimum operating rate from 60% to 20%,
would not result in significantly reduced LCOA, even in future scenarios. In combination
with MILP optimization, they determined that operating with imperfect weather forecasts
is feasible when employing model predictive control techniques.

With increased integration of renewable energy in the grid energy mix, specific
challenges arise regarding the balancing of production and demand. Often, excess energy
that cannot be stored must be curtailed. Therefore, the relationship between RES
curtailment, system component optimization, and operational strategies needs extended
research. In this regard, research has been carried out by Zhao et al [160], which studied
green ammonia production as a way to reduce power curtailment in China, estimating an
LCOA of 820 $/ton, by means of MILP optimization. They also suggested that oxygen
synergy, generated as a byproduct of electrolysis and nitrogen separation, could reduce
LCOA by about 100 $/ton. In their work, Laimon and Goh [161] explored the use of
curtailed renewable energy as a primary source for green ammonia production in Jordan.
Their analysis was carried out, including the curtailment in the capacity factor calculation,
and the added revenue coming from the commercialization of byproducts like oxygen and
rare gases. The LCOA, calculated at 600 $/ton, can be reduced to about 400 $/ton by
utilizing oxygen and argon. A recent study by Smith and Torrente-Murciano [162]
investigates the relation between renewable curtailment and green ammonia production
costs, discovering that exploiting all curtailed energy from intermittent sources does not
directly translate to minimization of the LCOA. In fact, utilizing all curtailed energy
requires large hydrogen storage, which drastically increases costs. Increasing the ramping
range of the HB process and combining solar and wind can provide beneficial effects to
reduce the LCOA.

Many of these studies, where ammonia is produced from RES, still assume that sales of
surplus energy to the grid are always possible. Thus, the revenue from energy sales to the
grid is used to reduce the value of the LCOA. However, an increasing share of energy
from RES is subject to curtailment, and this revenue decreases [162].

5.5.1 Green ammonia production plant

Figure 40 shows a graphical representation of the plant components, including energy and
mass flows. The plant includes a PV system, serving as the primary energy source, a
Lithium-ion BESS for electricity storage, a PEM water electrolyzer unit (EL) for
hydrogen production, a low-pressure (30 bar) Hydrogen Storage System (HSS) tank, a
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hydrogen compressor, an ammonia synthesis unit (HB), and an ASU for nitrogen
production. The PV system can power the plant components, charge the BESS, or transfer
electricity into the grid. Ammonia is produced using only water and air, and surplus
electricity can be sent to the grid. Hydrogen produced by the EL unit can be directly fed
to the HB reactor or stored in the HSS. Both the BESS and the HSS, therefore, provide
operational flexibility by storing excess production, thus reducing the plant's operational
dependency on fluctuating RES power production. This allows for a partial decoupling
of green ammonia production from the variable output of the PV system.

In this analysis, the HB unit is modelled as operating at fixed nominal conditions. While
recent research explores the potential for flexible operation [74], [159], [163], this study
adopts a conservative approach due to the lack of comprehensive experimental validation
and modelling data regarding the part-load behavior of Haber-Bosch reactors [77]. The
intermittent nature of RES requires new and flexible Haber-Bosch processes capable of
operating efficiently under varying power conditions. Conversely, traditional Haber-
Bosch plants are designed for continuous operation at high capacity, making them
inherently inflexible. Operational flexibility can be achieved by controlling the H> to N
ratio, by adjusting the concentration of inert gases in the synthesis loop, by varying the
total mass feed flow rate, and to a lesser extent by managing other process variables [72].

The EL unit consists of several 1 MW electrolyzer modules connected in parallel,
modelled according to a commercial Proton OnSite M Series PEM electrolyzer [164].
This modularity allows for operating only one electrolyzer at partial load, thereby
minimizing off-design operations and reducing overall degradation.

The HSS is designed to operate at the same pressure level as the electrolyzer (30 bar) to
minimize storage costs. Optimizing the components scheduling allows for minimizing
the storage size, requiring only a small hydrogen buffer to decouple EL and HB
operations. Since the HB unit operates at approximately 200 bar, hydrogen compression
is required. However, hydrogen compression and nitrogen production contribute to about
6% of the total energy consumption of the HB unit.
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Figure 40. Green ammonia production plant.

5.5.2 Modeling and parameters

A MILP model was developed to optimize the size and scheduling of the plant
components. The model aims to minimize the total system cost over its lifetime while
determining both the optimal sizing and the optimal hourly operational strategy of each
component of the plant. This is done to meet a predefined ammonia production target (1
kton) while minimizing the LCOA. The model is characterized by an optimization
horizon of 8,760 hours (1 year) with a time step of 1 hour. The model was implemented
using the General Algebraic Modeling System (GAMS) software, version 39.3.0 [91] and
employing the CPLEX solver.

Decision variables include power dispatch from the PV plant to various components, the
number of active electrolyzer units, BESS charge and discharge cycle scheduling, HB
operation, and the respective loads of the components. To avoid residual energy
associated with the BESS and hydrogen storage at the end of the optimization horizon,
the initial and final storage units' state of charge must be the same.

To minimize LCOA, considering that the annual ammonia production in the study is a
fixed target, the objective function minimizes the Net Present Cost (NPC) of the system
over the plant lifetime of 20 years, accounting for the discount rate (5%) [92]. To simulate
the effects of component degradation, especially for the electrochemical degradation of
the electrolyzer stacks, the model considers a linear increase in OPEX of 2.5% per year
applied to all components. This economic approach follows the physical degradation of
the system, accounting for the progressive loss of efficiency and therefore for the increase
in maintenance costs required to maintain the performance of the system over its lifetime.
When considering the additional revenue from the sale of electricity to the grid, the
adjusted LCOA is calculated by subtracting the revenue generated per unit mass of
ammonia produced from the LCOA calculated based on the NPC.

99



Table 15 summarizes the cost assumptions of the study. Prices originally reported in
dollars were converted to euros with an exchange rate of 0.89 $/€ [165].

Table 15. Cost summary for the components of the plant.

Unit Value Reference
CAPEX PV €/kW 740 [74]
BESS €/kWh 218 [155]
EL €/kW 652 [166]
HSS  €/kg 600 [163]
HB €/kW 804 [74]

OPEX PV €/kW/year 1.7% CAPEX [74]
BESS €/kWh/year 2% CAPEX  [155]
EL €/kW/year 5% CAPEX  [166]
HSS  €/kg/year 1% CAPEX  [163]
HB €/kW/year 2% CAPEX  [74]

The PV power output is calculated using data for a typical meteorological year collected
from the NREL database [141] for a location in the south of Sardinia, Italy, and
considering the characteristics of a commercial 500 W PV module [167].

The SOC of the BESS is calculated at each time step, considering charge and discharge
power and efficiencies of 95% for both charging and discharging. The power and capacity
of the BESS are correlated by the C-rate, set to 0.25 [93], and a minimum capacity of
20% of the total capacity is set to prevent excessive degradation. Similarly, the SOC of
the HSS is calculated at each time step, considering the mass flow rate of hydrogen
produced by the EL unit and consumed by the HB unit.

The EL unit is constituted by several 1 MW electrolyzers, whose part load performance
is modelled considering the nonlinear correlation between power and hydrogen
production. The nonlinear relationship is implemented in the linear optimization model
by employing a PWA function for the linear approximation [94], [95]. The input power
and the hydrogen production mass flow rate are linked by means of weight variables at
various power breakpoints. Additionally, the power of the electrolyzer is constrained by
the minimum and maximum power limits of the operating unit, as well as the Ramp Up
(RUg;) and Ramp Down (RDg;) rates.

As previously mentioned, the HB unit is assumed to always operate at design conditions.
Its energy consumption is mainly due to the Haber-Bosch synthesis loop, the ASU, and
the hydrogen compressor. The energy consumption of the Haber-Bosch unit is calculated
based on the reaction’s stoichiometric ratio and the specific energy consumption of its
main components, equal to 0.144 MWh/tonNH3 for the Haber-Bosch loop and 0.243
MWh/tonN; for the ASU [157], while the energy consumption of the compressor is
calculated using its mathematical model.
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In this analysis, the components of the plant are sized and operated through an
optimization aimed at minimizing the LCOA. This optimization is performed for two
curtailment scenarios, differentiated by the economic value assigned, throughout the
entire lifetime of the system, to the surplus photovoltaic production. In the Fixed Value
scenario, grid feed-ins are valued, over the entire plant lifetime, at the current (2025)
LCOE of the photovoltaic technology (51.7 € MWh [168]). In the Zero Value scenario,
grid feed-ins generate no revenue. Both cases represent possible scenarios of curtailment:
in the former, it is assumed that policy mechanisms support PV deployment by
guaranteeing producers at least the current marginal cost of the technology, which is the
LCOE; in the latter (extreme) case, it is assumed that the ongoing decline in the market
value of PV electricity continues until reaching a lower bound of 0 €/ MWh for all feed-
ins. Negative prices are not considered here, as they typically result from speculative
behaviors linked to incentive schemes. The Fixed Value scenario allows the green
ammonia producer to obtain revenue from electricity sales, enabling a reduction in the
plant’s LCOA, while the Zero Value scenario does not.

5.5.3 Energy performance

Table 16 summarizes the component sizes obtained by solving the optimization problem.
The primary energy is provided by an 8.7 MW PV plant, which generates 13,207 MWh
of energy annually. The other components are sized accordingly: a 4 MW electrolyzer
provides the required hydrogen to the | MW HB unit. The optimized scheduling allows
for minimizing the size of the HSS. A capacity of approximately 294.4 kg of hydrogen is
required to balance mismatches between hydrogen production from the EL and usage by
the HB. The HSS (185.3 m? at 25 °C) is designed to operate within a pressure range of
10-30 bar, where the lower limit corresponds to the minimum pressure required for
compressor operation [169], and the upper limit represents the EL output pressure. In
total, the stored hydrogen mass amounts to 444.3 kg. In addition, a 0.75 MW/3 MWh
BESS provides short-term electrical buffering.

Table 16. Optimized component sizes.

Component Unit Value

PV plant MW 8.7

EL MW 4

HB MW 1

BESS MW /MWh 0.75/3

HSS kg /m’ 4443 /185.3

The optimization process yielded a system configuration that minimizes LCOA by
appropriately sizing plant components and managing energy and material flows. Since
the minimization of the NPC is the objective of the optimization, component sizes and
plant management are identical in both scenarios. What differs between the two scenarios
is the revenue obtainable from surplus electricity feed-ins.
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Table 17 summarizes the results of the optimized energy and mass productions. Out of
the total 13,207 MWh of PV energy production, 9,192 MWh are required by the EL unit
for hydrogen production, and 3,090 MWh by the HB unit, achieving a total ammonia
production of 1 kton. Ultimately, the plant utilizes most of the primary energy from the
PV plant, with a surplus limited to about 6.4% of the total energy generation.

Table 17. Optimized energy and mass production.

Component Unit Value
PV energy production MWh 13,207
EL energy consumption MWh 9,192
HB energy consumption MWh 3,090
Energy to the grid % 6.4
NHj3 production ton/year 1,000

Figure 41 represents the annual energy flows, including losses, of the green ammonia
plant, from PV energy generation to the final ammonia product. Energy in the form of
hydrogen and ammonia is calculated considering Lower Heating Values of 120 MJ/kg
and 18.6 MJ/kg, respectively. PV production is mostly provided directly to each
component of the plant, while only a small share (about 6%) is stored in the BESS, later
provided to the EL and HB units. Due to its high efficiency, only a small portion of BESS
energy is lost during cyclical charging and discharging. As expected, the electrolyzer is
the most energy-intensive component, consuming approximately 70% of all PV
generation, with significant conversion losses resulting in an efficiency of 64%. The HB
unit requires 3,090 MWh of electrical energy and 5,885 MWh in the form of hydrogen.
The HB process yields 5,170 MWh of energy associated with a mass of ammonia of 1
kton. Lastly, surplus PV generation results in about 845 MWh of grid feed-ins. Overall,
the plant is characterized by a first law efficiency of 45.5%.
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Figure 41. Energy flows for the green ammonia plant.

5.5.4 Economic performance

The economic performance of the plant in the two scenarios is reported in Table 18. The
optimization leads to a minimum LCOA of 1,038 €/ton, corresponding to a total capital
cost of approximately 9.87 M€ and yearly expenses of about 250 k€. The Fixed Value
scenario, however, allows for an additional revenue of about 43.6 k€/year (around 17%
of the yearly OPEX of the system) from selling surplus electricity at the LCOE price. The
additional revenue of the Fixed Value scenario allows the Adjusted LCOA to be reduced
to 995 €/ton, about 4% lower than the LCOA. No additional revenue is reported in the
Zero Value scenario, as the value of feed-ins is zero; therefore, its adjusted LCOA
coincides with LCOA. It’s important to note that relying on the adjusted LCOA rather
than on the LCOA might lead to an underestimation of the investment risk.

Table 18. Economic performance comparison of the two scenarios considered.

Unit Fixed Value scenario Zero Value scenario
LCOA €/ton 1,038 1,038
Adjusted LCOA €/ton 995 1,038
CAPEX tot M€ 9.87 9.87
OPEX tot k€/year 250 250
Revenue from grid feed-ins k€/year 43.6 0

A breakdown of the costs of the components is reported in Figure 42. Figure 42a shows
that the PV plant is responsible for more than half of the total capital investment. Among
the components directly involved in ammonia production, electrolysis is vastly the most
energy-intensive process. Together, the PV plant and the EL unit account for over 84%
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of the total initial investment. In accordance with the literature, the economic feasibility
of green ammonia is highly dependent on the costs and efficiency of PV and electrolyzer
technologies. In fact, renewable energy and hydrogen production costs contribute to the
increase in the levelized cost of green ammonia production when compared to
conventional grey ammonia processes. In contrast, the HB unit itself constitutes only
about 7% of the total capital costs. The buffer units, BESS and HSS, account for about
9% of the total investment costs. Due to optimized operational scheduling, the HSS
investment cost is limited. Figure 42b shows that the EL unit is the largest contributor to
operational costs (approximately 52%), followed by the PV plant. The operational costs
of all other components are relatively low. This cost distribution highlights that the
economic viability of green ammonia is primarily driven by the costs associated with
renewable electricity generation and hydrogen production via electrolysis.

(a) (b)

BESS PSIES HBBEOSSIjgs
up 6% 3% g0 2% 1%

7%

= PV 5,730 k = PV 97 k€/

= EL 2,606 k 32‘;/0' EL 130 k€
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BL py ®BESS582. = BESS 6 k€
26% 58% = HSS 237 k = HSS 2 k€/

EL
52%

Figure 42. Breakdown of the total capital (a) and operational costs (b).

5.5.5 Operation scheduling

Figure 43a shows the monthly and cumulative ammonia production profile over the year
for the optimized system. The monthly production clearly exhibits a seasonal trend,
reflecting the variability of PV energy generation. Ammonia production is low during the
winter months (43.4 ton in January) and increases steadily to reach peak production from
June to August (119.1 ton in July). However, the plant operational strategy, optimized
with the MILP model, allows for adapting this fluctuating energy input to reach the annual
target production while maximizing ammonia output when PV energy is abundant and
maintaining a limited production when PV production is low. The BESS and HSS storage
units allow for partial decoupling of RES and ammonia production. In fact, the cumulative
production shows an almost steady increase throughout the year, even if the slope of the
curve is steeper during summer months and flatter during winter months. This profile
shows how the optimized system is capable of meeting the annual production target while
maintaining a nearly stable production, smoothing intermittent RES generation.

Figure 43b shows the monthly grid feed-in derived from energy surplus, as well as the
revenue generated in the Fixed Value scenario. Electricity surplus exported to the grid
exhibits a strong seasonal trend, depending on the correlation between PV production and
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ammonia plant operations. Monthly revenues vary accordingly, reaching the highest
values during the summer. The additional income of the Fixed Value scenario is therefore
mostly concentrated in months with high solar availability, after ammonia production
targets are met.
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Figure 43. (a) monthly and cumulative ammonia production profile and (b) monthly
grid feed-ins and revenue for the Fixed Value scenario.

5.5.6 Synthesis and comparison of the findings

The analyses of the PV-H2-CAES and FPV-PHES-AEM systems approach green
hydrogen integration in diverse ways: the former uses on-site hydrogen production for
decarbonizing a mechanical energy storage system, the latter uses surplus electricity to
provide green hydrogen to local communities.

In the PV-H2-CAES configuration, hydrogen is primarily an energy vector used as a
carbon-free fuel to enable the dispatchability of renewable energy stored as mechanical
energy. The optimization yielded a system efficiency of approximately 62%, achieved
with specific component size ratios of Epgy/Epy of 0.7—0.9 and E¢/Epy of 0.20—0.25.

Conversely, in the FPV-PHES-AEM system, the electrolyzer allows for increasing the
flexibility of the system and produces a valuable chemical by exploiting surplus
electricity. Maximizing self-consumption is critical to allow for optimized dispatch. In a
scenario of high self-consumption greater than 0.99, green hydrogen can be produced in
large quantities at a competitive LCOH.

While green hydrogen is employed in diverse ways, the core conclusion in both studies
is that strategic integration allows for mitigating VRES curtailment and enhancing the
techno-economic performance of renewable energy systems.

The green ammonia plant represents a configuration where hydrogen is not an energy
carrier for the grid but instead the primary feedstock for a chemical synthesis process.
Consequently, the optimization is directed to minimize the production cost for the
chemicals. The analysis shows that this requires a different operational approach
compared to the other integrated configurations, where BESS and HSS are sized for short-
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term operational decoupling and not for large-scale storage. This enables the steady-state
operation of the Haber-Bosch, effectively decoupling ammonia production from the
variable PV input. This approach achieves an overall system efficiency of 45.5% and
achieves an LCOA of 995 €/ton.
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Chapter 6

Conclusions and future work

The global transition towards a sustainable energy sector is one of the most significant
challenges of the current research landscape. Mitigating the impacts of climate change
requires a transformation of global energy systems towards carbon-free technological
solutions. These changes are largely dependent on the vast deployment of renewable
sources. However, the inherently intermittent nature of VRES poses significant
challenges to grid stability, leading to energy curtailment and economic inefficiencies.
Indeed, as the penetration of VRES continues to increase, large capacity and long duration
energy storage technologies will become increasingly more critical for ensuring grid
stability and security. Green hydrogen and ammonia offer a potential solution to increase
VRES integration and create alternative ways to effectively aid in decarbonizing hard-to-
abate sectors such as heavy industry and transport, and energy generation by converting
surplus renewable energy into stable chemical energy carriers.

This thesis addressed these critical challenges by investigating the design, optimization,
and techno-economic performance of energy systems that integrate VRES generation
with the production of green hydrogen and ammonia. Hydrogen and ammonia are
considered not only as chemical products but as means to enhance the flexibility of the
power grid and mitigate RES curtailment. In the thesis, two principal integration solutions
are analyzed: the first focuses on the integration of green hydrogen production and use
with mechanical energy storage such as CAES and PHES to provide grid services or
produce hydrogen by exploiting surplus generation, while the second investigates a
dedicated green ammonia production system. In all configurations, the core is composed
of a VRES plant (PV or FPV) powering an electrolyzer unit to produce hydrogen, which
can either be utilized as a carbon-free fuel in power generation, distributed to local
networks, or used as a feedstock for ammonia production. The integration in energy
systems allows for decoupling energy intermittency with final product generation,
mitigating RES curtailment and increasing the overall system efficiency. The component
models were parameterized and validated considering performance data from commercial
technologies and results from the scientific literature. The performance of the integrated
systems was evaluated to determine optimal configurations and operational strategies.

A critical issue deriving from vast green hydrogen production was investigated,
quantifying the impact of green hydrogen production on freshwater resources, comparing
water withdrawal savings for a Power-to-Power hydrogen cycle with fossil fuel-based
power generation. Furthermore, the analysis established the viability of seawater
electrolysis as an alternative in water-stressed regions, with only a marginal energy
penalty for indirect seawater electrolysis, requiring desalination before water splitting.

107



Two integrated hydrogen systems were analyzed: a PV-H2-CAES system and an FPV-
PHES-AEM system. In the integrated PV-H2-CAES system, hydrogen is used to abate
the carbon emissions of conventional CAES mechanical storage. The integrated system
demonstrated its capacity to provide grid flexibility services, achieving a system
efficiency of approximately 62%, reducing PV curtailment to a minimum of 4%, using
green hydrogen produced on-site as a carbon-free fuel. An FPV-PHES-AEM system was
developed to efficiently exploit surplus production of a floating PV plant, which directly
supplies energy to a reconverted pumped hydro facility, to produce green hydrogen. The
findings showed that maximizing system self-consumption is crucial for achieving the
best economic performance with varying grid curtailment scenarios.

Finally, a dedicated green ammonia production plant was optimized, using a mixed
integer linear programming approach. The analysis demonstrated that optimized
component size and operation scheduling allow for effective decoupling of green
ammonia production throughout the year from the variable PV input. Moreover, this can
be achieved with minimal buffer storage, achieving an overall system efficiency of 45.5%
and an LCOA of 995 €/ton.

Overall, in this thesis, various configurations were developed and analyzed for cost-
effective green hydrogen and ammonia production. The integrated systems allowed for
mitigating VRES curtailment, achieving up to 99.2% of energy use, decoupling VRES
generation and ammonia production, with an optimized LCOA and energy efficiency.

Given the results in terms of efficiency and economic performance of the analyzed
systems, several pathways for future research can be identified. To enhance the economic
and technical viability, future work should focus on further improving the thermodynamic
and operational efficiency of the integrated systems. This requires improving the part-
load performance analysis for the Haber-Bosch process using dynamic models. Improved
operational flexibility could allow for better coupling with VRES production.
Furthermore, the current analysis focuses on single PV inputs, while further research
should consider mixed RES configurations such as PV and wind energy systems, to
analyze the performance under smoother input power profiles and evaluate their impact
on optimal component sizing and operation scheduling, to further reduce storage size,
increase capacity factor, and reduce levelized costs. An additional tool to improve
economic performance includes assessing the value of grid ancillary services. This
includes incorporating market prices for flexibility services, such as frequency regulation,
rapid ramping, and inertia with mechanical storage integration. Finally, the impact of
various incentive policies on the final production cost should be considered.
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