INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

Available online at www.sciencedirect.com International Journal of
OGEN

ScienceDirect ENERG

journal homepage: www.elsevier.com/locate/he

A Techno-Economic Analysis of solar hydrogen
production by electrolysis in the north of Chile and
the case of exportation from Atacama Desert to
Japan

Felipe Ignacio Gallardo %, Andrea Monforti Ferrario ™", Mario Lamagna ?,
Enrico Bocci °, Davide Astiaso Garcia ¢, Tomas E. Baeza-Jeria /

@ H2Chile Chilean Hydrogen Association, Santiago, Chile

P Department of Nuclear, Subnuclear and Radiation Physics, Universita degli Studi Guglielmo Marconi, Via Plinio 44,
Rome, Italy

¢ Centro Interuniversitario di Ricerca Per lo Sviluppo Sostenibile “CIRPS”, Piazza U. Pilozzi, Valmontone, Italy

d Department of Astronautics, Electric and Energy Engineering, Sapienza University of Rome, Via Eudossiana 18,
Italy

€ Department of Planning, Design, and Technology of Architecture, Sapienza University of Rome, Via Flaminia 72,
Rome, Italy

f Chilean Solar and Energy Innovation Committee, Agustinas 640, Santiago, Chile

HIGHLIGHTS

e Cost-competitive solar hydrogen can be produced in Chile.

e Oversized PV-supplied systems lead to lower LCOH than smaller CSP-supplied systems.
e The LCOH of PV-PPA+ALK can reach 2.20 US$/kg in 2018 and 1.67 US$/kg in 2025.

e Storage and transport phases are CAPEX intensive, favoured by flat supply schemes.

e Competitive H, can be delivered in Japan in 2018 and 2025 respect to target prices.

ARTICLE INFO ABSTRACT
Article history: H, production from solar electricity in the region of the Atacama Desert — Chile — has been
Received 13 March 2020 identified as strategical for global hydrogen exportation. In this study the full supply chain
Received in revised form of solar hydrogen has been investigated for 2018 and projected to scenarios for 2025-2030.
26 May 2020 Multi-year hourly electrical profiles data have been used from real operating PV plants and
Accepted 6 July 2020 simulated Concentrated Solar Power “CSP” plants with Thermal Energy Storage “TES” as
Available online xxx well as commercial electricity Power Purchase Agreement “PPA” prices reported in the
Chilean electricity market were considered. The Levelized Cost of Hydrogen “LCOH” of each
Keywords: production pathway is calculated by a case-sensitive techno-economic MATLAB/Simulink
Solar hydrogen model for utility scale (multi-MW) alkaline and PEM electrolyser technologies. Succes-
Techno-Economic Analysis sively, different distribution, storage and transportation configurations are evaluated based

on the 2025 Japanese case study according to the declared H, demand. Transport in the

* Corresponding author. Department of Nuclear, Subnuclear and Radiation Physics, Universita degli Studi Guglielmo Marconi, Via Plinio
44, Rome, Italy.
E-mail address: a.monforti@lab.unimarconi.it (A. Monforti Ferrario).
https://doi.org/10.1016/j.ijhydene.2020.07.050
0360-3199/© 2020 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: Gallardo FI et al., A Techno-Economic Analysis of solar hydrogen production by electrolysis in the north of
Chile and the case of exportation from Atacama Desert to Japan, International Journal of Hydrogen Energy, https://doi.org/10.1016/
j.ijjhydene.2020.07.050



mailto:a.monforti@lab.unimarconi.it
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2020.07.050
https://doi.org/10.1016/j.ijhydene.2020.07.050
http://creativecommons.org/licenses/by/4.0/

2 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

form of liquefied hydrogen (LH,) and via ammonia (NHs) carrier is compared from the port
of Antofagasta, CL to the port of Osaka, JP.

© 2020 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
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Introduction

Solar hydrogen for large-scale exportation - current state of
the art

It has been acknowledged that hydrogen will play a key role in
the future energy system worldwide constituting a pillar of
the pathway towards energy transformation and in order to
reach decarbonization targets [1]. In an increasing trend of
variable and intermittent Renewable Energy Sources “RES” [2],
the conversion of electricity to H, represents a viable pathway
to reduce the impacts of renewable electricity on the elec-
tricity grids [3]. Moreover, hydrogen enables the integration of
renewable electricity in hard to electrify sectors such as heat
and industry [4—7] other than providing energy storage ca-
pacity, showing competitiveness respect to other technologies
for reliability issues or bulk storage [8—10] allowing the
exploitation of renewable electricity sparsely produced to be
used for end uses elsewhere in a worldwide perspective
[8,11—15]. For this reason it is necessary to clearly define and
analyse the different pathways of the hydrogen supply chain
structure and taxonomy [16].

Techno-economic feasibility of green hydrogen production
is highly dependent from country-specific resources and en-
ergy market characteristics, which play a key role in deter-
mining cost competitiveness. The balance between specific
CAPEX (MUS$/MW), capacity factor (%) and electricity cost
(US$/MWHh) is not straightforward and can foster one supply-
chain configuration respect to others [8,17]. Also demand
volume (tony,/year) deeply affects the cost structure (OPEX or
CAPEX-dominated) of the hydrogen supply chain, enabling or
inhibiting different hydrogen carrier and logistics concepts
[7,9,14,18,19].

Large scale capacity scenarios such as exportation (with
hydrogen demands in the order of ktony,/year) are favoured
by economy of scale. However, investment costs of multi-MW
scale electrolysis systems are reportedly hard to determine
correctly [20], due to the lack of real cost data references given
by the intrinsic upper limit of 1-2 MW of the currently devel-
oped stack modules and the few multi-MW projects currently
deployed [4,5]; cost estimation and projection must be done
carefully to obtain realistic values [20—22].

The transport route, mode and carrier significantly affect
the overall supply chain structure and the delivered LCOH.
Each step can be extremely complex to model [23—-25]. For
example Liquified Hydrogen “LH,” presents a mass density
which is approximately 700 times the one of Compressed
Gaseous Hydrogen “CGH,” [26] but the LH, transport condi-
tions are by far more challenging [26,27]. Alternative chemical
carriers such as ammonia (NH3) can be suitable for long-haul

transport, in virtue of the increased mass density of hydrogen
and stability at milder operating conditions [9,18,19,25,28].
The coupling of variable renewable energy to LH, or NHj;
plants is challenging since such systems are usually operated
in steady state [24,29]. For example, several studies have
shown the dependency of the conversion cost of NH; with the
flexibility capability of the considered plants, deeply affecting
their operation criteria and the requirements of buffer storage
systems [25,30].

Amongst the plethora of possible international trading
routes, those which link coastal strategic H, producers such as
Chile (Atacama Region), Argentina (Patagonia Region),
Australia, North Africa (Morocco, Algeria), Middle East (Saudi
Arabia, Iran) and coastal strategic H, importers such as Japan,
USA (California), Northern Europe and Korea stand out
[8,11-15,31]. An object of several studies is the route con-
necting Australia to Japan, considered the main benchmark
for Asia-Pacific H, trade [8,11-13,31] with a LCOH between 5-7
US$/kgy, delivered in Japan in 2025-2030.

Chile is identified amongst the key strategical countries for
H, production [8] thanks to the availability of low cost solar
electricity: the Atacama Desert of Chile presents one of the
highest global horizontal irradiation values in the world equal
to more than 2 kWh/m? [32] with capacity factors beyond 30%
for PV [33] which has experienced a dramatic growth in its
installed capacity the last years, reaching 2.14 GW by the end
of 2018 [34—37] with reported bids in electricity auctions as
low as 21 US$/MWh [25,38,39] in 2017. The Atacama desert is
also extremely promising for CSP plants, which can reach
capacity factors beyond 80-85% [33] with estimated Levelised
Cost of Electricity “LCOE” of 55 US$/MWh at utility scale
[25,38,39]. Such extremely low cost electricity can be
competitively implemented for solar-driven electrolysis as an
opportunity to increase the penetration of the abundant,
economic and sustainable solar energy in the national energy
matrix through solar fuels — particularly solar-hydrogen —
both as domestic energy vector and for bulk exportation to
other countries. In the Chilean National Long Term Energy
Policy [40], which was launched in 2018 by the Ministry of
Energy, hydrogen is acknowledged as an innovative technol-
ogy; in the Solar Energy Program — launched in 2016 by CORFO
[41] — business opportunities have been identified for the
Atacama and Antofagasta Regions in the North of Chile. The
main strategical sectors considered in the short term inno-
vation strategy are mining, chemical and energy sectors while
exportation is mentioned as long term strategy [25,39,42—44].

On the other hand, Japan is considered a key hydrogen
user, leading the H, market worldwide, with over 100
Hydrogen Refueling Stations and more than 3600 Fuel Cell
vehicles; more than 300,000 u-CHP Fuel Cell units are deployed
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in households and several large scale Power-to-Gas and H,-
based CHP projects are being deployed [45,46]. The Japanese
Ministry of Economy, Trade and Industry (METI) have declared
a hydrogen demand of 300 kton/year in 2030, including in-
ternational import, defining a target price of 3 US$/kgy, [12,47]
for that year. Currently the retail price of H, in Japan is around
10 US$/kgu, [46]. Green H, is expected to provide the baseload
energy previously supplied by nuclear power plants, following
the nuclear shut-down policy, together with other renewable
technologies [46]. With regards to the imported share, the first
generation LH, carrier ships (170 tony,/ship) are currently
being developed based on LNG ships. In 2030 a substantial ship
capacity ramp-up is foreseen (up to 6.5-11 ktongy,/ship) [48].
This is expected to pave the way for large-scale maritime
hydrogen transport.

Several studies have assessed the feasibility of green
hydrogen production [1,8,9,11,12,15,17,31,39,43,49,50]. Global
energy outlooks provide useful information and assumptions
but they assess H, production with an aggregated approach,
lacking of specific modelling details [1,8,12,17,39,43,49,50].
Other studies provide detailed information regarding one step
of the supply chain such as electrolysis [20,21], ammonia
conversion [28] or transport & distribution phases [31,51]
without envisaging the full supply chain from a comprehen-
sive point of view. Model-based studies considering real
operational data are available [13,19,25,28], although many of
them focus on small-scale systems and none considers the
full supply chain. Analyses based on Chile have been per-
formed [8,25,39,43,44] although most of them focus on the
determination of the production cost from PV and do not fully
assess the storage distribution and transport phase with both
LH, and NHs;. Only Tractebel [39] has analysed also CSP,
comparing direct and PPA electricity supplies by PV and CSP,
however the transport phase is not assessed. Also Armijo and
Philibert [25] present a detailed model-based analysis for
production of electrolytic ammonia in Chile and Argentina but
does not assess the subsequent distribution and transport
phases, whereas Heuser et al [15] present a full study from
production in Chile to delivery for LH, in Japan without
comparing it to other transport vectors. For this reason, the
present study aims to perform a comprehensive Techno-
Economic Analysis of the complete supply chain of
hydrogen exportation from solar-driven electrolysis in Chile
up to the distribution, storage and transportation to Japan via
LH, or NHj; carrier with a model-based approach, considering
real operating data from solar plants or simulated hourly
profiles. Founding a Techno-Economic Analysis on real oper-
ating data can provide meaningful information respect to the
actual operating conditions and specific constraints, in func-
tion of the available instantaneous power profile which affects
all the phases of the H, supply chain. Such approach can
support policy-makers to set suitable targets to enable tech-
nology breakthroughs [17,50], or to determine financial sup-
portrequired in order to bridge the gap to competitiveness and
foster technology uptake [52].

Chilean solar energy market

Given the structure of the Chilean electricity market, several
alternatives of solar energy generation technologies, energy

supply setups and purchase mechanisms can be assessed.
Two types of solar technologies are studied: solar PV, able to
provide electricity during solar hours only and CSP + TES, able
to provide electricity 24/7 thanks to the TES system. This
choice is made based on the well-known market maturity and
dominance of PV during solar hours and CSP + TES for 24/7
schemes [53,54]. Solar PV with batteries and CSP without TES
options are therefore excluded.

For each technology (PV and CSP+TES) two possibilities
have been considered: (i) direct connection with a dedicated
plant or (ii) indirect on-grid connection via so called “solar
PPA” mechanism, which is a bilateral financial energy con-
tract (Power Purchase Agreements “PPA”) between producers
and consumers available in the Chilean electricity market,
which secure the supply of power for a settled duration
(usually long-term, around 15-20 years) at a fixed nominal
power P, and electricity price [55—59]. Each scenario defines
an energy hourly power supply profile (percentage P/P,, each
hour) — physical or set by contract — and a respective elec-
tricity price level (US$/MWh). The direct connection is linked
to the instantaneous variations of the solar resource; its price
equals LCOE of the PV system [25,36,39,56,60,61]. Instead, a
solar PPA based on PV technology ensures constant supply at
the agreed nominal power during “solar hours” (08-18h), while
a Solar PPA based on CSP ensures a constant supply at the
agreed nominal power [57,59,62]. The supply by PPA mecha-
nisms is constant throughout the year and do not consider
neither daily nor seasonal variations. In this way it is possible
to decouple the solar plant respect to the hydrogen plant and
avoid variability since the power supply is not directly linked
to the physical production. The PPA price is bilaterally nego-
tiated between the producer and the consumer. The PPA
scheme is also the base for the public energy auctions within
the Chilean market with the distinction that the consumers
are the regulated customers subject to distribution grids
instead of private customers and the price and terms are not
bilaterally negotiated but awarded through a tender process
[63,64]. Therefore, a good benchmark for the bilateral PPA
pricing are the public auctions results [57,59,62]. The PPA
prices are strongly driven by LCOE in function of CAPEX, OPEX
and demands volume. Additional markup is applied by gen-
eration companies, respect to the direct connection scheme in
relation to the risk of mismatches of energy flows and spot
price between the physical generation at the injection node
(variable) and the supply of demand at the withdraw node
(constant) for both daily and seasonal variability [65]. Thus, a
solar PPA will be in general, more expensive than the
respective LCOE of an onsite dedicated plant for the same
energy volume, however the PPA option offers increased
reliability due to its constant energy output [57,59,62].

Solar hydrogen Production

The production of H, is studied in 8 different solar hydrogen
technology/energy supply coupling configurations (see
Chilean solar energy market section). The chosen electrolysis
technologies are Alkaline “ALK” and Proton Exchange Mem-
brane “PEM” due to their commercial maturity (see Water
electrolysis section).
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Fig. 1 — Northern Section of the National Electrical System
of Chile "SEN". Own elaboration based on [67,68].

1. ALK electrolysis, directly supplied by a PV power plant;
2. ALK electrolysis, supplied by a solar PPA (PV);

3. ALK electrolysis, directly supplied by a CSP power plant;
4. ALK electrolysis, supplied by a solar PPA (CSP);

5. PEM electrolysis, directly supplied by a PV power plant;

—— SOLAR JAMA — FINIS TERRAE ——— MARIA ELENA 5
—— ANDES SOLAR —— PAMPA CAMARONES ——CONEJO SOLAR | CFespsim=90%
Average PV Simulated CSP Average PV PPA PV: 8-18h @P,,,
=== PPA Solar Hours ~ ----- PPA 24/7 PPA CSP: 0-24h @P,,,
100%

6. PEM electrolysis, supplied by a solar PPA (PV);
7. PEM electrolysis, directly supplied by a CSP power plant;
8. PEM electrolysis, supplied by a solar PPA (CSP)

In the following subsection A, the input data are pre-
sented. The datasets are fed into the H, production model
developed in MATLAB/Simulink environment as described in
subsection B.

Input data

The operational data for the 6 selected PV plants (Fig. 1) in the
Atacama Desert region - Chile, summing up to approximately
400 MW, installed, ranging from 6.2 MW, to 138 MW, per
plant [66] are obtained from the national Independent System
Operator’s (Coordinador Eléctrico Nacional, CEN) public
database [34] for 2017. Such public database collects real
operational data with hourly resolution. By performing a sta-
tistical analysis, the average seasonal electrical profile of a
typical solar PV plant in the Atacama Region was obtained.
These 6 PV power plants were selected as reference
because they were, at the moment of this study, the only 6
utility-scale PV plants operating in the Atacama Desert, that
presented simultaneously two characteristics: (i) hourly data
available for at least one year and (ii) at least one continuous
year of operation without being subject to transmission con-
gestions or curtailment. Thus, the selected PV plants, offered
real output data without being distorted by commercial or
electrical transmission constraints, therefore reflecting the

CFpy 2g=32%

80%
£
=]
a-60%
o
40%
20%
0%
Summer Autumn
Dec-Mar Mar-Jun

Winter
Jun-Sep

Fig. 2 — Average seasonal solar electricity profiles (PV and CSP + TES). Source: Elaboration of CEN Chile (ISO) [34], SAM NREL
[69], PPA profiles [57,59,62]
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Table 1 — Electricity prices considered

[25,36—39,56,60—62,71—80].

Supply scheme 2018 (US$/ 2025 (US$/
MWh) MWh)
LCOE Solar PV 21 18
Solar PPA (8-18h, PV based) 23 20
LCOE CSP + TES 55 50
Solar PPA (24/7, CSP + TES 63 54
based)

real physical availability of an onsite PV plant in the Atacama
Desert.

The CSP + TES (solar tower configuration) operational data
— due to the lack of utility scale plants in operation for elec-
tricity production in the region [66] — was simulated using
NREL System Advisor Model" [69] considering an adapted TMY
P-50 obtained from PV-GIS databases [70] which consider
statistical analysis of 20 year historical meteorological data
integrated with ground measured data.

The average seasonal electrical profiles are represented in
Fig. 2 and successively fed to the H, production model.

The electrical profiles of the two technologies (PV and CSP)
differ greatly in the capacity factor, ranging from around 32%
for intermittent solar PV against around 89% for CSP + TES,
which is stabilized by the thermal storage and whose varia-
tions are only due to seasonal variations, as shown in Fig. 2.
The capacity factors — obtained from real operating data [34] —
are in line with relevant literature references [25,39]. On the
other hand, the PPA profiles present greater capacity factors
respect to the direct connection ones; up to 41% for PV based
solar PPAs (8-18h) and 100% for 24/7 PPAs based on CSP sys-
tems, due to the constant power supply ensured within the
PPA timeframe.

Table 1 reports the considered electricity cost in all energy
supply scenarios for 2018 and their projections to 2025.

For the onsite dedicated PV field, the price of the energy is
estimated equal to the LCOE of the system, which is estimated
equal to 21 US$/MWh in 2018 in line with estimations of IRENA
for Chile, indicating a range between 16-30 US$/MWh [60] and
with other specific works related to Chile [36,61]. The LCOE for
utility scale (>100 MW,) CSP + TES (solar tower configuration)
in 2018 is estimated by Benitez et al [71] at 55 US$/MWh based
on the 110 MW, scale CSP solar tower configuration plant
Cerro Dominador plant under construction, located in Ata-
cama Desert in Chile [36,37,61]. The LCOE is aligned with
specific works by Gallardo et al. [37], and Comité Solar [61]
which report between 60-70 US$/MWh for the same plant in
different operating conditions. NREL [72] reports 60 US$/MWh
as reference for utility scale CSP, therefore a cost reduction is
justifiable for the increased solar resource in Chile. For the PPA
alternative, the PPA pricing in 2018 has been estimated based
on real price offers reported in the national Chilean electricity
market (regulated customers) for utility scale, long-term (20
years) PPA-based public auctions in 2017 [25,38,62,73—78]

! The SAM simulation has been validated by NREL with MW-
scale solar tower CSP plants [69], in line respect to the Cerro
Dominador plant — 110 MW, — in construction in the Atacama
Desert Region in Chile [36,37,61].

since bilateral PPA pricing is confidential. Minimum PV-based
solar PPAs (8-18h) bids range between 21-25 US$/MWh
[25,38,62,73—75], while reported bids for CSP-based solar PPAs
(24/7) are around 60 US$/MWh [76—78] for two different pro-
jects — although bids as low as 48 US$/MWh have been pre-
sented [36,77]. Cost reporting for CSP-based PPA is not simple
since the bids were not awarded due to more competitive of-
fers from PV systems which compete in the same auction
mechanism [36].

To obtain energy costs in 2025, projected cost reductions by
technology were applied to the costs of 2018. IRENA projected
a 59% investment cost reduction for Solar PV and 43% for CSP
between 2015 and 2025 [79], which would imply a LCOE
reduction in the order of magnitude of 40% and 30% between
2018 and 2025 for PV and CSP+TES respectively. A much more
conservative approach is taken in this study, considering only
a 15% overall reduction of solar PV LCOE in 2025 compared to
2018 aligned with expected LCOE of solar PV in Chile by that
year estimated by Bloomberg [56] and Tractebel [39] and a 10%
reduction for CSP + TES in 2025, in line with the projections by
Lilliestam et al. [80], Gallardo et al [37] and Benavides et al. [36].

Water electrolysis

Water electrolysis (low temperature) is amongst the mature
technologies for hydrogen production. If coupled to renewable
electricity it represents a viable pathway for zero-emission
green-H, production. By applying an external voltage upon a
pair of electrodes immersed in an ionic conductive electrolyte
the electrochemical decomposition of water into H, and O, is
obtained. The steady state specific electricity consumption for
H, production depends on the electrolyser type and thermo-
dynamic operating conditions (temperature and pressure)
[6,81—83]. The system specific energy consumption parame-
ters (including auxiliaries [84]) reported in literature for ALK
and PEM electrolysers are equal to 54 kWh/kgy, and 60 kWh/
kg, (2018) and 49 kWh/kgy, and 52 kWh/kgy, (2025) for ALK
and PEM respectively, as reported in Table 2
[6,8,20—22,49,50,81,82,84], which include auxiliaries. Fixed
stack and auxiliary consumptions lead to a constant efficiency
equal to the ratio as shown in Eq. (1).

LHVy,
Csp.el

Nel = (1)
where cgpe1 (kWh/kg) is the system Specific Energy Con-
sumption “SEC” (including auxiliaries) reported in Table 2 and
LHVys, is the lower heating value of hydrogen, equal to 33.33
kWh/kgy,. In nominal conditions the system efficiency is
equal to 61% for ALK and 55% for PEM in 2018 and 67% for ALK
and 63% for PEM in 2025, in line with analsyed literature
[6,8,20—22,49,50,81,82,84].

From cep e it is possible to calculate the mass flow of
hydrogen my, (kg/h) considering the instantaneous power
profile of the electrolyser P¢ (kW) by applying Eq. (2):

(2)

The obtained H, is obtained in kg or Nm? (referred to
101.325 kPa and 0 °C) related by constant density in normal
conditions equal to 0.0898 kg/Nm? In fact, within the
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Table 2 — Electrolyser Parameters [6,8,20—22,49,50,81,82,84].

Electrolyser performance parameters ALK PEM

System specific consumption (w/auxiliaries) kWhac/kg 54 (2018) 60 (2018)
49 (2025) 52 (2025)

Stack lifetime Operating hours (h) 80,000 65,000

Load threshold
Specific cost

% Pn
kUS$/kW

(PV-CSP coupling)

20%-100%
0.52-0.65 (2018)
0.50-0.45 (2025)

0%-100%"
0.77-1.1 (2018)
0.7-0.56 (2025)

& PEM electrolysers can be overloaded for limited amount of time [6,21,49,50,83], reports the capability of reaching 160% of nominal power for
10-30 minutes, however only 100% capability has been considered since the timestep of the model is 1 hour.

considered range of temperature and pressure the gaseous H,
can be considered as an ideal gas.

In order to obtain the target amount of yearly cumulative
H, produced, the installed power of the solar system will differ
significantly for PV or CSP + TES coupling, due to the very
different capacity factor profiles of solar PV and CSP + TES
plants (see Fig. 2).

The Techno-Economic parameters of the electrolysers are
reported in Table 2 [6,8,20—22,49,50,81,82,84]. Both technolo-
gies are able to produce H, at 30 bar and consume around 10
Itioo/kgna. ALK technology is more durable, with 80,000 hours
of stack lifetime respect to 65,000 hours for PEM but are
limited in the load range, the system cannot sustain partial
loads lower than 20% of the nominal power in idle operation
mode. On the other hand, PEM electrolysers presents a full
load range capability. The dynamic response of both tech-
nologies (start-up, ramp-up, ramp-down, shut-down) have
been neglected since both technologies can vary the power
from 0-100% in less than one hour (timestep of the model and
available data) [6,21,49,50,83]. For the same reason, the tem-
porary overloading of the PEM technology [49,50,81,83] has not
been considered, given the hourly timestep of the model.

The determination of the specific CAPEX values is not
trivial. Most analysed literature adopt a cost function curve in
polynomial or exponential form obtained from real data;
however, due to the low development of the large-scale elec-
trolysis sector (only few multi-MW projects have actually been
deployed [4]) the fitting approach is limited to the available
stack power in the market (up to the order of 1-10 MW), hence
not applicable due to mismatch in scale (the export case study
entails installed powers of the order of 150-450 MW). For
example Felgenhauer et al. and Eypasch et al. [85,86] analyse
real data of kW-scale electrolysis reaching up to a scale of a
few MW-scale, for which the cost curve is much steeper (up to
>9 kUS$/kW for few kW reducing up to around 0.9 kUS$/kW
between 1-2 MW scale) and presents large scaling factor ex-
ponents (up to 0.5 in [86]). Detailed analysis of CAPEX data
provided by Proost [20] shows a linear cost trend reaching
around 1 kUS$/kW at 2 MW for PEM electrolysers. In Gotz et al.
[6] a comprehensive review of specific investment costs from
both literature and industry is given, resulting around 0.7-1.05
kUS$/kW for ALK and 1.2-1.5 kUS$/kW for PEM. However,
when analysing the multi-MW scale (i.e. multi-stack mod-
ules), is not straightforward, realistic costs are difficult to es-
timate in lack of real market data due to the intrinsic upper
limit power of 1-2 MW given by the single stack [20]. Thus it is

necessary to refer to cost projections scenarios [8,22,49,50],
cost projection curves [20,83] or expert elicitations [21] which
are not as accurate as data driven cost fitting. The reported
specific CAPEX in major energy outlooks [8,49,50] for multi-
MW scale in 2017-2018 are between 500-700 US$/kW for ALK
and around 1000 US$/kW for PEM, with a reduction in 2025-
2030 of the cost up to 400-500 US$/kW for ALK and 650-750
US$/kW for PEM. Such results are in line with the founding
literature: a piecewise linear projection for multi-MW scale
PEM is presented in Proost [20] reporting a specific CAPEX of
below 500 US$/kW for 100 MW as well as in industry refer-
ences [22]; cost projections in Buttler et al. [83] and Element
Energy [22] range between 400-800 US$/kW for ALK and be-
tween 500-1300 US$/kW for PEM in the multi-MW scale. The
foreseen cost reduction for 2025 is around 20% for ALK and up
to 30% for PEM, reducing the investment cost gap between the
two.

Therefore, instead of reporting a cost curve (which would
be unrealistic in the MW scale) the cost reduction related to
the increase in scale between PV and CSP coupled systems (2-3
fold) is estimated based on Proost [20] which analyses the
scale-up of existing multi-stack modules of 2 MW (ALK) and
0.7 MW (PEM) based on industrial pricing indications (ITM
power, NEL); the results show that a reduction of the specific
CAPEX of 20% for PEM and 10% reduction for ALK is obtained,
considering a 3-fold capacity increase in the MW scale.

Ultimately, the considered range of specific CAPEX re-
ported in Table 2 is aligned with the assumptions done by
other comparable references such as Acil Allen [12] which
considers 650 US$/kW for 100 MW scale, Hydrogen Council
[17] which estimates 500 kUS$/kW in 2030 and Tractebel [39]
which considers 550 US$/kW in 2023 based on industrial in-
dications claimed by NEL [87] reporting <500 US$/kW in 2020
for its 400 MW alkaline electrolyser.

OPEX costs include solar electricity cost (Table 1), O&M cost
- calculated as 2% of the initial CAPEX per year and stack
replacement cost - equal to 45% and 30% of the initial CAPEX
for ALK and PEM, respectively, once reached the stack lifetime
[8,49,50]. Due to water scarcity in the Atacama Region [88], the
supply of water is considered via reverse osmosis desaliniza-
tion of seawater to avoid hazardous impact on the regional
water availability: the levelised cost of desalinized water cost
is estimated at 3 US$/m?, in line with the cost of desalinized
water reported by Tractebel [39] and Campero and Harris [39]
in the same area. The water cost is three times the freshwater
cost in the coastal areas, which ranges between 1-2 US$/m?
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[89]. Since several studies [61,71,89] have reported that the
desalinized water cost in the mainland can increase drasti-
cally (up to 10 US$/m?) the variation such cost is considered in
the sensitivity analysis (Sensitivity analysis section) assessing
its impact on the LCOH. The financial cost must be considered,
considering an overall WACC (Weighted Average Cost of
Capital) of 5.12% which includes the effects of a 70/30 debt/
equity capital structure, inflation rate and taxation on a time
horizon of 20 years.

Distribution, storage and transport

In this chapter, different supply chain distribution, storage
and transport pathways are analyzed. The analysis is sepa-
rated between a domestic distribution from the electrolyser
plant and the long-haul transport phase by ship up to the port
of arrival of Osaka, JP in different vectors. The analyzed
hydrogen vectors are: LH, and liquid NH; obtained by cata-
lysed Haber-Bosch “HB” process. The energy required for each
pathway is supplied according to Table 1.

Both technologies require pre-compression of the gaseous
hydrogen according to the process operating conditions or
may involve a gaseous storage unit as a constraint for the
conditioning process itself (HB process flexibility require-
ment). Also, a hybrid case (PV+CSP) is assessed via the
implementation of a CGH, buffer storage which decouples the
production and conditioning (liquefaction, ammonia synthe-
sis) units.

In the direct connection cases, the H, production and
conditioning plants are located onsite together with the ana-
lysed PV plants. The average distance between a solar plant in
the Atacama Region and port of departure of Antofagasta is
equal to 450 km. Instead, with the indirect connection
scheme, since the power and H, production are decoupled
[56], the electrolysis and H, conditioning plants (compression,
liquefaction, NH; synthesis, see Distribution, storage and
transport section) can be located in strategic locations
respect to the selected distribution and transport routes. For
this study the H, conditioning units are located on the coast-
line, an average distance of 150 km has been considered to the
port of departure of Antofagasta.

The techno-economic parameters of the H, conditioning
systems are reported in Table 3:

With the same approach adopted for H, production, the
sizing and configuration of the liquefaction and transportation

systems was determined coupled to each electrolyser scenario
(ALK and PEM), downstream the solar energy source (PV and
CSP + TES). Liquefaction capacities (kg/h) were obtained from
the inlet H, mass flow in function of the capacity factor.

Compressed hydrogen

For the compression step, a multistage intercooled
compressor was considered. The inlet pressure is equal to the
electrolyser H, outlet pressure (30 bar). The outlet pressure
depends on the H, storage form: for the liquefaction a pre-
compression to 100 bar is considered whereas for the
ammonia synthesis a pre-compression up to 350 bar is
considered. An adiabatic and isentropic compression process
is considered, characterized by Eq. (3) where Legpec is the
calculated specific energy consumption of the compressor
(kWhe/kg), B is the compression ratio, T, is the inlet temper-
ature equal to the ambient temperature (K), T, is the outlet
temperature (K), n number of compression stages equal to 3, k
the ratio of ¢, and ¢y, the specific heat values (kWh/kgK) of the
gas. The specific heat values (c, and c,) are calculated at the
average temperature T,, between T; and T,. The thermody-
namic properties of hydrogen were obtained using CoolProp
library. The mechanical and electrical efficiency terms n,, and
ne of the compressor are assumed constant and equal to 70%
and 90%, respectively.

T, 67 -1
L Cpuo ATy,
e,spec = =
Mm Me

— (3)

After a first assumption of T,, the equation is solved iter-
atively in order to update the value of ¢, at the average tem-
perature T,, between T; and T,. The iterative process is
repeated until the variation of c; is negligible.

The specific CAPEX considered for the compressor unit is
3.9 kUS$/kW.,, as reported by Reuf et al [9] and Ikaheimo et al.
[28]; where the installed capacity is obtained in function of the
hydrogen flow rate and the electrical consumption assessed
via Eqg. (3), according to inlet and outlet pressures. The OPEX is
composed of energy cost, according to Eq. (3) and O&M,
assessed at 4% of the CAPEX, annually. The specific CAPEX of
the steel storage tanks for compressed hydrogen up to 350 bar
is estimated equal to 500 US$/kg [15,28], with a yearly O&M
cost equal to 2% of the CAPEX. The Techno-Economic pa-
rameters are summarized in Table 3.

Table 3 — Hydrogen conditioning systems, techno-economic parameters [15,24,25,28,51,90,91].

System Pressure (bar) Specific cost SEC O&M (%carex) comments
Compr. unit Up to 350 bar 3900 US$/kWe Eq. (3) 4% e Multi-stage intercooled
o Adiabatic isentropic
o Nm=70%; 1e=90%;
CGH, storage Up to 350 bar 500 US$/kgin - 2% -
Liquef. unit 82 50 kUS$/(kg/h) 6.4 kWh/kgy, 4% Pin 30 bar
LH, storage =1 bar 90 US$/kgu» - 4% Boil-off 0.1-0.2%/day
NH; synthesis unit 200-350 3500 US$/(kgnms/h) 0.64 kWhe/kgnms 2% o 3 flexibility scenarios

e Firm-up electricity 100 US$/MWh
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Liquefied hydrogen

The liquefaction step is based on the data of the IDEALHY
project presented by Stolzenburg et al. [24] which propose a
two-stage cooling system with flash separation of LH,, the
obtained flash separation rate is equal to 95%, while the 5%
unconverted vapour enters a flash gas cycle to be successively
liquified. The system operated with a pre-compression at to 80
bar before the pre-cooling phase with crossflow mixed
refrigerant (nitrogen, methane, ethane, propane and butane)
and Nelium (75% helium, 25% neon) streams, successively the
temperature of the H, flow is further reduced to 26.8 K by the
cryo-coolers, the cooling is performed by two overlapping
Brayton cycles with a common compression train. The ca-
pacity studied in the IDEALHY project is 50 tony,/day of liquid
hydrogen, similar to the capacity considered in the present
study equal to 44 tony,/day. The results of Stolzenburg et al.
show that the specific energy consumption of the optimized
50 tonyy/day system can reach 6.76 kWhe/kgy, at full load
operation. The initial pressure plays an important role in
specific energy consumption value, in fact an initial pre-
compressed gas at 30 bar avoids the energy consumption
due to compression and lowers the full load consumption to
around 6.4 kWh./kgy,. In a conservative manner, 6.4 kWh,/
kg, is taken as reference specific energy consumption. The
value is in line with Reuf? et al [9], which consider 6.76 kWh,/
kg, and with IEA [90] which reports 6.1 kWhe/kgy,.

The CAPEX of the LH, plant is taken from Reufs et al [9],
which presents a comprehensive set of linear CAPEX costs in
function of plant capacity (tong,/day) based on project [24,91]
references. The chosen value is 105 MUS$ for a 50 tony,/day
plant, equating to a specific CAPEX equal to 50 kUS$/(kg/h).
The total CAPEX is calculated according to the maximum H,
flow rate for each configuration (Table 9). The CAPEX value is
similar to IEA [90] which reports a specific CAPEX of 47 kUS$/
(kg/h) for large scale liquefaction plants (over 700 ton/day),
showing that a substantial increase in capacity does not entail
a substantial reduction of the specific CAPEX. A fixed annual
cost O&M equal to 4% of CAPEX was used as reported by
Stolzenburg [24] and IEA [90]. The energy cost is calculated for
each case at its representative electricity cost, reported in
Table 1.

Ammonia carrier

In the ammonia (NHj3) carrier case, hydrogen is stored chem-
ically via the synthesis of ammonia, with significative ad-
vantages in terms of hydrogen mass content and stability of
the carrier. In fact, liquid NH; at transport conditions — 25°C

0.64 MWh,/tony,s | £ v

E@ RES

firm-up

oz o)

F(flexibility %)

f(flexibility %)
Haber-Bosch Fe m
lyseda process

Fig. 3 — NH; conversion conceptual scheme

and 10-20 bar — presents a mass density of around 680 kg/m?,
the H, mass content in NHj; is 18% from stoichiometry [92],
resulting in an equivalent H, density of 122.4 kg/m® which is
70% higher respect to the liquid hydrogen density (which re-
quires more extreme operating conditions presenting a
boiling point of -253 °C at 1 atm), equal to 71.4 kg/m? [26]. On
the contrary, the additional cost and complexity of NH; syn-
thesis and subsequent decomposition at the port of arrival
must be added to the supply chain in its entirety.

Typically NH; production plants based on the Haber-Bosch
“HB” process are large plants (with capacities of the order of
1000-2000 tonyys/day) operating in steady state under stan-
dard operating conditions of 200-350 bar and 400-500 °C, over
an iron-based catalyst [19,29,93,94]. The H, feedstock in such
plants is typically obtained by Steam Methane Reforming
“SMR” of natural gas [95]. However, several studies have
investigated the possibility of flexible ammonia production
coupled to renewable energy systems and electrolytic H,
feedstock [19,29,92], as shown in Fig. 3. The CAPEX of the plant
is affected relevantly due to the absence of the reformer
(which can represent up to 50% of the total cost) and the extra
storage capacity in function of the degree of flexibility of the
HB process (no, standard and high flexibility cases as defined
by Armijo and Philibert [25] and later described in this section).
Although the process is exothermic, the HB synthesis and air
separation unit components require an electrical consump-
tion equal to 0.64 MWh,/tonyms [25,28]. Such electricity supply
should be guaranteed continuously and cannot be guaranteed
by direct renewable sources (due to daily and seasonal vari-
ability). The H, feed is considered at the flow rates of each H,
production technology coupling scenario (Table 9) and the
three different flexibility cases for the HB plant are assessed
for each technology coupling scenario and its respective
electricity cost (Table 1). The HB unit is operated discontinu-
ously both for the PV cases (high flexibility required or me-
dium/no flexibility with relevant storage) or continuously for
the CSP direct connection or for the PV-+buffer+CSP case
(medium flexibility required or no flexibility with suitable
storage). Only for the PPA 24/7 the non-flexible system can be
considered without additional storage since the electricity
supply is guaranteed continuously (see Chilean solar energy
market section & Input data section). The output NH; is
stored and transported in stable liquid form at 10-20 bar and
ambient temperature (see Table 3).

Standard SMR based HB plants specific CAPEX values re-
ported by IEA [90] are around 900 US$/tonyys, which for the
considered yearly production of around 90 ktonyys per year
(16 ktony,/year and 18% mass content in NHj) equates to
around 7800 US$/(kg/h) for steady state operation (including
the reformer). Many references report large scale electrolysis-
fed NH; plants total CAPEX cost between 700-900 US$/tonyus,
which equates to around 6000-7800 US$/(kg/h). Excluding the
electrolyser — which is previously considered (see Input data
section) — the specific CAPEX of only the NH; conversion
section (mainly HB synthesis unit and air separation unit), is
reported by Ikaheimo et al. [28] between 2730 and 4100 US$/
(kgnma/h), an intermediate value equal to 3500 US$/(kgnms/h)
was used due to the lower capacities of the considered plant
(around 250 tonyus/day) respect to typical NH; production
plants (1000 tonnys/day [95]). However, such specific CAPEX
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assumptions are valid only for large scale scenarios (such as
the exportation one object of study), in fact Tuna et al. [96]
report that smaller scale electrolytic NH; production plants (3-
10 MW electrolysis) incurr specific CAPEX costs up to 4300-
5000 US$/(tonnms/y), which equate to 35000-45000 US$/ (kgnms/
h), one order of magnitude more expensive than the consid-
ered costs. Tremel et al. [97] present a cost curve for NHj
plants from electrolytic H, based on comprehensive review of
literature data within the capacity range of 10-500 MWy3 out
with the specific CAPEX between 15000 US$/(kgnus/h) for 10
MWyns out and 4300 US$/(kgnus/h) for around 500 MWyps out,
in line with the considered values. Since the synthesis unit
and air separation units are fully commercially developed
components industrially, the CAPEX is not expected to
decrease in the future [90].

The capacity (kg) of CGH, storage must be sized in order in
function of the degree of flexibility operation of the HB plant
(part load capability, number of stops and dynamic operation
capability). Armijo and Philibert have defined three flexibility
scenarios: the no flexibility case (steady state operation), the
standard flexibility case (up to 40% downwards part load ca-
pacity in discrete steps of 100%, 80% and 60% respect to
nominal conditions) and the high flexibility case (up to 80%
downwards and 5% upwards part load capacity respect to
nominal conditions), which can be obtained without
increasing the HB specific CAPEX by tuning some adjustable
parameters of the operating conditions envelope (e.g. H, to N,
ratio and operating temperature). The no flexibility and the
standard flexibility cases are considered in line with the cur-
rent state of the art technology, while high flexibility case is
considered feasible respect to the existing technology and
promising for RES-coupled NH; conversion plants [29]. A
precise determination of the storage capacity would require a
dynamic simulation of the NH; conversion plant [6,25,30],
however a preliminary estimation of required storage capacity
for the three flexibility cases can be obtained based on the
results of Armijo and Philibert [25], which report storage ca-
pacities of up to 6 days for the no flexibility case, between 1

and 2 days of full load operation for the standard flexibility
case and under 1 day of full capacity operation for the high
flexibility case. The days of storage capacity have been set
conservatively to 1, 4 and 8 days of full load capacity for no
flexibility, standard flexibility and high flexibility scenarios,
respectively. In the case of intermittent H, supply (from PV)
and flat HB operation (from CSP), the storage capacities have
been increased by 20% since the storage depends from both
the H, supply variability and the HB flexibility. The H, storage
is considered in gaseous state in compressed cylinders at 200
bar, in line with the operating conditions of the HB synthesis
unit. The additional cost of pre-compression to such pressure
level is included in the NH; conversion cost according to the
compressor parameters described in (Compressed hydrogen
section and Table 4).

The OPEX cost of the ammonia production is dependent
from the production LCOH which defines the H, feedstock
cost, the electricity supply (RES and firm-up) and the O&M,
calculated as 2% of the initial CAPEX per year [28]. The addi-
tional firm-up grid electricity is calculated by difference in
function of the capacity factor of the coupled RES system (PV
or CSP), the cost of the firm-up grid electricity is estimated
equal to 100 US$/MWh [25].

Distribution & transport

After the liquefaction or the ammonia synthesis process, the
hydrogen (as LH, or NH3) must be transferred to the port of
departure (Antofagasta, CL) then shipped to the port of arrival
(Osaka, JP). The port management infrastructure (storage
tanks and loading/unloading operations) must be sized ac-
cording to the shipping frequency.

This domestic distribution phase is considered by mean of
dedicated trucks. IEA [90] presents a cost function for do-
mestic transport in function of distance for each H, vector,
considering around 0.12-0.13 US$/(kgu,*100km) for LH, and
NH; (due to their comparable mass density), and around 0.6
US$/(kgu*100km) for CGH, do to its reduced mass density

Table 4 — Ship characteristics 2018 vs. 2025 [51,90,98—102].

LH, NH;

2018 2025 2018 2025
Distribution US$/(kg*100km) 0.13 0.13 0.12 0.12
Ship characteristics
Capacity (m?) 2,500 160,000 2,500 53,000
CAPEX (MUS$/ship) 21 412 21 85
O&M ships (%capex/year) 4% 4% 4% 4%
Distance (km) 17,500
Speed (knots) 13 16 13 16
Round trip time (days) 60 51 60 51
Specific fuel consumption (MJ/km) 3090 4751/1490* 3090 2500
Boil-off losses (%/day) 0.2%/day 0.2%/day -
Export/Import Port management infrastructure
Port storage CAPEX (US$/kgi1) 90/90 90/90 9.5/9.5 9.5/9.5
O&M storage (%capex/year) 4%/4% 4%/4% 4%/4% 4%/4%
Charge/discharge pumps flow rate (m?/h) 60/60 1000/1000 60/60 1000/1000
Loading operations (days) 2/2 8/8 2/2 4/4
Boil-off losses (%/day) 0.1%/0.1% 0.1%/0.1% /= =
Specific energy consumption (kWh/kgy,) 0.61/0.2 0.61/0.2 0.005/0.02 0.005/0.02

& H, boil-off propulsion ship

j.ijjhydene.2020.07.050

Please cite this article as: Gallardo FI et al., A Techno-Economic Analysis of solar hydrogen production by electrolysis in the north of
Chile and the case of exportation from Atacama Desert to Japan, International Journal of Hydrogen Energy, https://doi.org/10.1016/



https://doi.org/10.1016/j.ijhydene.2020.07.050

10 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

Table 5 — NH; reconversion parameters [90,104].

Parameter Unit Value
Specific cost MUSS$/(tonnus/y) 0.31
O&M %CApEx/year 4%
Heat requirement kWhn/kgmo 9.7
Heat cost US$/MBTU 9
Electricity requirement kWhe/kgy, 1.5
Electricity cost US$/MWh, 160
H2 recovery rate % 99%
PSA recovery rate % 85%

[26]. The domestic distribution depends on the distance be-
tween the H, conditioning plants and the port of departure.
Domestic distribution via gaseous H, is not considered due to
the increased cost of truck distribution.

The sea transport phase is divided between the actual
travel cost and the port management schemes. Both aspects
greatly depend on the ship and the H, carrier characteristics.
The techno-economic parameters for the transport phase are
reported in Table 4. As previously described, the H, amount to
be delivered at the port of arrival is set to 15 ktony,/year,
however the actual transported H, amount is increased ac-
cording to the carrier losses.

The 2018 ships derive from adaptation of currently existing
small scale (15,000 m®) LNG ships [98] or prototype ships under
development by KHI [51], while the ships foreseen for 2030 are
specifically developed for LH, or NH; carrier transport as re-
ported by IEA and KHI [51,90]. The CAPEX of the NH; ships is by
far cheaper than the LH, technology (around 9 US$/kgy»
respect to 30-120 US$/kgy, due to the carrier characteristics,
operating conditions and stability which deeply affects the
storage cost [92]). The H, amount carried by each ship is also
different according to the selected carrier: for 2018 at equal
ship capacity (m?) the H, stored in the NHj; carrier is 1.7 times
the one stored in the LH,; for 2025 the differences in ship ca-
pacity entail that a LH, ship transports more H, (11 ktony,)
respect to the NH; ship (53,000 m?, containing around 6.5
ktony,). The specific fuel consumptions for the diesel pro-
pulsion ships were calculated by Bialystocki et al. [99] or
indicated by IEA [90] and KHI [51]. The 2025 LH, ship presents
an optimized propulsion system partially run on the boil-off
gas, rated at 0.2%/day of the total carried H, amount,
reducing the fuel consumption up to 70% [90]. The cost for IFO
380 was assumed 400 US$/ton [100], associated with a emis-
sion factor equal to 322 kgboston [103], the total fuel con-
sumption is calculated in relation to the travel time and the
LHV of the fuel which is around 12 kWh/kg. Considering the
cruise speed of 13-16 knots the travel time (round-trip) is equal
to 51-60 days.

In terms of port management infrastructure, the required
time for loading/unloading the ship is calculated based on the
charge/discharge pumps flow rate. Considering 60 m*h for
pumps usually used for small-scale loading bays/bunkering
ships for 2018 and 1000 m>/h for large-scale LNG cargo feeding
systems for 2030 [101,102] a total duration of the loading/
unloading phase is estimated at 2 days for 2018 and 8 days for
2030 for LH, (net of the boil-off losses), which is in line with
other references [98,101,102]. For the loading of liquid
ammonia, the port infrastructure is simplified thanks to the
increased mass density and stability of the chemical carrier.

The duration of the loading/unloading phase, considering the
same flow rates is 2 days for 2018 and 4 days for 2025, in
function of the ship capacity (m?). Considering the daily pro-
duction of 44 tony,/day, the storage sizing (ton) in the port is
determined equal to the difference between the ship capacity
and the direct production in the required time for loading [90].

The boil-off losses for LH, (Table 5) are calculated during
the whole round-trip time, the losses amount to 0.1%/day
during storage in the import/export terminal and 0.2%/day
during half of the sea transport travel time [51,90]. Consid-
ering the travel and storage time and storage reported in Table
4, the boil-off losses amount to around 1 ktony,/year, in all
cases, which is around 6% of the total demand.

Transport via ammonia carrier does not incurr with boil off
losses thanks to the stability of the carrier at transport oper-
ating conditions (25 °C, 20 bar), however reconversion losses
must be assessed (Table 5) in relation to the recovery rates of
the inverse HB decomposition (H, recovery rate 99%) and the
PSA separation (H, recovery rate 85%), shown in Table 5.
Considering the total losses (total losses around 16%) in order
to cover the demand of 15 ktony,/year the total H, produced
should be around 17.85 ktony,/year, with an increase of
around 2.85 ktony,/year (total H, recovery rate around 84%).

Furthermore, to obtain a comparable cost (H, delivered in
the port of arrival) the ammonia decomposition at the port of
arrival should be assessed, extracting H, from the NH; carrier.
The reconversion process is endothermal and requires both
process heat (9.7 kWhu/kgy,) and electrical power for the PSA
system (1.5 kWhe/kgy,). The cost of industrial heat is esti-
mated at 9 US$/MBTU based on the natural gas cost trend and
electricity cost for industrial users in Japan is reported equal to
160 US$/MWh, [104]. Techno economic parameters of
ammonia reconversion are reported in Table 5 [90].

The reconversion losses (16%) are nearly three times the
boil off losses (6%). However, the disadvantage of increased
losses for reconversion is balanced by the advantageous
increased mass density in the ammonia carrier (70% more H,
content in mass) and its stability which strongly reduce the
transport and storage cost [92].

If the ammonia is used in Japan directly (as chemical in
industrial processes, as feedstock for fuel cells, co-fired coal/
ammonia plants or NH3-fed gas turbines [46]) the reconver-
sion cost could potentially be avoided.

Results and discussion

The Techno-Economic Analysis is performed for all the ana-
lysed H, supply chain pathways, calculating the LCOH
throughout the various steps of the supply chain.

Solar hydrogen production - results

The specific installed electrolysis capacity (MWg)) is calculated
per unit of demand (1 ktony,/year), the results are reported in
Table 6:

H, production from PV coupled systems (direct connection)
entail a larger installed electrolyser capacity — 22.4-25.0 MW/
(ktongy,/year) (2018) and 20.6-21.6 MW/ (ktony,/year) (2025) —
due to the low capacity factor of PV (approx. 32%). In case of
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Table 6 — Electrolyser specific capacity requirements.

Specific capacity 1 ktony,/year ALK-+PV direct
Installed power MW/ (ktony,/year) 2018 22.4
2025 20.6
ALK+PV
PPA
2018 15.7
2025 14.4

ALK+CSP direct PEM+PV direct PEM+CSP direct
8.0 25.0 9.0

7.4 21.6 7.7

ALK+CSP PEM+PV PEM+CSP

PPA PPA PPA

7.2 17.5 8.0

6.6 15.1 6.9

Table 7 — Electrolyser capacity requirements.

16 ktony,/year ALK+PV direct ALK+CSP direct PEM+PV direct PEM+CSP direct
5% METI demand + boil-off losses
Installed power (MWg)) 2018 358.7 128.7 400.2 143.6
2025 329.8 118.4 345.2 123.9
ALK+PV ALK+CSP PEM+PV PEM+CSP
PPA PPA PPA PPA
2018 251.5 115.1 280.1 128.4
2025 230.7 105.8 241.7 110.8
56 (ktony,/year) (ALK-PEM 2018) and 7.4-7.7 MW,/ (ktony,/year)
s 462 4.97 (ALK-PEM 2025) thanks to higher capacity factors (above 85%)
& [ | 3.70 = 4'-21 thanks to the TES. In the 24/7 PPA case from CSP, the elec-
331 oy 3.13 trolyser capacity is lowest — 7.2-8.0 MW,y/(ktony,/year) (ALK-
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supply via PPA solar hours (see Input data section) the
installed electrolyser power is lower — 15.7-17.5 MW/ (kton,/
year) (ALK-PEM 2018) and 14.4-15.1 MW,/ (ktony,/year) (ALK-
PEM 2025), due to the constant supply at nominal power be-
tween 08-18h. Cumulative H, production under PV supply is
discontinuous due to the intermittency of the solar resource.
CSP supply, on the other hand, entails smaller size electro-
lysers, the direct connected case results in 8.0-9.0 MW,/

PEM 2018) and 6.6-6.9 MW,/ (ktony,/year) (ALK-PEM 2025) —
with 24/7 flat operation. The H, cumulative production is
linear since the production is constant. PEM electrolyser ca-
pacity sizing is higher than ALK by around 11% in 2018 and
around 5% in 2025, due to the lower efficiency in steady state.
The power ratings of PV coupled electrolysis results 2-3 times
higher than CSP + TES coupled ones in 2018, reduced to
around 1.5-2 times higher in 2025 due to the improvements in
the specific energy consumptions. The PPA supplied schemes
are lower than the direct coupling schemes by around 30% for
PV case and by 11% for the CSP case, due to the difference of
the capacity factors.

Considering the total H, demand set by METI targets (300
ktony,/year) would result in a total electrolyser rated capacity
of 6.2-7.5 GW if directly coupled to PV (4.3-5.3 GW if coupled
indirectly via PPA) and 2.2-2.7 GW if directly coupled to
CSP+TES (2.0-2.4 GW if coupled indirectly via PPA), which is
unrealistically high. Considering that in the end of 2018 the
installed capacity of solar PV in the Atacama Desert is 2.14 GW
[34—37], if hypothetically all the plants currently installed
were dedicated only to H, production about 30-40% of the
Japanese market share would be covered. A market share
considered feasible of in terms of actual installed capacity in
the region is around 5% of the total demand [12], equal to 15
ktony,/year. The demand was increased for all scenarios by 1
ktony,/year in order to compensate the boil-off losses (see
Distribution, storage and transport section for details) [51,90].
The electrolyser installed capacities required to cover a de-
mand of 16 ktony,/year are reported in Table 7.

The same considerations done for Table 7 are valid, where
the power range of the electrolysers is between 330-360 MW
for direct coupled PV systems and between 120-145 MW for
direct coupled CSP systems, whereas between 230-280 MW for
direct coupled PV systems and between 105-130 MW for direct
coupled CSP systems. The LCOH is calculated for each system
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coupling scenario, the breakdown of the total levelised cost is
reported in Fig. 4 (2018) and Fig. 5 (2025).

The results show that, for all the scenarios, PV coupled
systems are more cost-competitive than CSP + TES scenarios
although the installed capacity (for an equal H, demand) is
greater due to the reduced capacity factor of PV systems
(operating daily in solar hours) respect to CSP which operate
with a 24/7 profile with the TES. This is thanks to the very low
cost of electricity (20-25 US$/MWh), which represents, for all
cases considered, the most relevant contribution of the LCOH
breakdown in production phase.

ALK + PV-PPA supply is the most cost competitive option
with 2.20 US$/kg for and 1.67 US$/kg for 2025. The LCOH cost
composition in 2018 is given mainly by electricity cost (56.4%)
and CAPEX (33.9%). The remaining contribution is given by
O&M (8.4%), water consumption is negligible (1.4%). Stack
replacement is not required since an average PV capacity
factor equal to 41% results in 3650 h/year annual operating
hours, which do not sum up to 80,000 h in 20 years. The 2025
LCOH breakdown shows a relevant contraction of the CAPEX
contribution (-51%) respect to electricity cost (-14%), due to the
already very low cost of electricity. The PV direct connection
schemes, albeit presenting a lower cost of electricity, present
an over-cost between 5-15% respect to the PPA option.

The most expensive LCOH at the output of the electrolyser
is given by the PPA PEM + CSP configuration, resulting a LCOH
equal to 4.97 US$/kg in 2018. This case comprises both
expensive electricity cost (63 US$/MWh from the CSP-PPA
supply) and the disadvantages of PEM (lower efficiency and
increased specific CAPEX). The LCOH breakdown shows that
the electricity cost percentage contribution is much higher
(76.1%) and the CAPEX contribution is lower (13.1%) due to the
lower installed power of the electrolyser. The stack replace-
ment cost is relevant (7.0-7.2%) since 24/7 operation entails 2
stack replacements throughout the 20 years of operation. The
O&M contribution (3.2%) results swamped by the other costs
and water cost contribution (0.6%) remains negligible. The CSP
coupling presents an opposite trend between directly con-
nected and PPA based schemes: direct connection results
cheaper due to the high PPA price respect to the LCOE and the
small increase in capacity factor.
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The average reduction of the LCOH in 2025 is between 20-
35% respect to 2018. A stronger reduction is expected for PEM
(up to 34%) respect to ALK (up to 26%). This is due to the
reduction of CAPEX and the increase of the efficiency, which is
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Table 8 — Sensitivity analysis results.

LCOH variation (%) respect to ALK+PV ALK+CSP direct PEM+PV PEM-+CSP direct
+10% variation of Techno- PPA PPA
Economic parameter
2018 SEC/Electricity cost +5.64% +8.03% +4.41% +7.14%
Specific CAPEX +3.39% +1.15% +3.63% +1.57%
Water cost +0.14% +0.08% +0.10% +0.06%
2025 SEC/Electricity cost +4.71% +8.24% +4.94% +7.62%
Specific CAPEX +3.16% +1.01% +3.25% +1.29%
Water cost +0.18% +0.10% +0.14% +0.09%
more optimistic for PEM technology. The PV coupled scenarios $8
foresee a greater reduction (in average 29%) respect to the CSP 3 ;75 $5.41 $5.96
coupled ones (in average 24%), since the oversizing of the é s $4.39 $4.57
electrolysers are more affected by specific CAPEX reduction. 2 =

The obtained LCOH is comparable with the H, production
results in the Chilean environment: Tractebel [39] calculates a
LCOH equal to 1.80-3.0 US$/kgy, in 2023, IRENA [49] calculates
for H2 production in Chile from hybrid PV and wind fed elec-
trolysis an LCOH between 4-5 US$/kgy, in 2017 with pro-
jections up to 2.5-4 US$/kgy, in 2030. IEA [8] calculates a LCOH
from renewable driven electrolysis between 1.5-3 US$/kgi»
and a potential LCOH of below 1.6 US$/kgy, for hybrid PV +
wind configurations in the long term in Chile. The Hydrogen
Council [17] reports a lookup table for LCOH in function of
specific CAPEX, electricity price and load factor: 2-3 US$/kg is
estimated for 20-30 US$/MWh and load factor 30% (compara-
ble to the PV case in Chile), while above 4-5 US$/kg is esti-
mated for 50-60 US$/MWh and higher load factors
(comparable to the CSP case in Chile). The Chilean solar H,
results advantageous respect to other scenarios, hydrogen
from offshore wind power from the Netherlands costs 2.2-2.9
US$/kgy, in 2025, from off-peak electricity in USA 2.3 US$/kgi,
in the same period [11]. IRENA [49] reports more costly LCOH
equal to 5.67-7.01 US$/kgy, in EU in 2015.

Sensitivity analysis

A sensitivity analysis is performed in order to quantitatively
assess the impact of the parametric variation of key selected
parameters upon the H, production scenarios, the PPA-based
cases were considered for 2018 and the direct coupling cases
were considered for CSP, since they achieve the lowest LCOH
between the two supply options (direct or PPA) for that tech-
nology coupling. The selected parameters are specific CAPEX
(MUS$/MW), specific consumption (kWh/kg) or electricity cost
(US$/MWh) which both affect the electricity supply in the
same way and water cost (US$/m?). Other parameters which
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Fig. 10 — LCOH after the liquefaction step (2018)

affect the final LCOH are O&M cost (%) which is. The SEC is
equivalent to the system efficiency and the specific CAPEX
indirectly includes the O&M costs, which are directly calcu-
lated from the CAPEX. The parameters were varied in a range
of +10% respect to their base case values and the LCOH is
recalculated. The LCOH results for 2018 in all four coupling
cases (PPA), are reported in Figs. 6-9:

The sensitivity analysis results confirm that the electricity
supply (which is accounted for in both the SEC and electricity
cost parameters) is always the most relevant contribution —
with an impact around +7-8%% on the LCOH — for the CSP
cases where the electricity cost is higher (55 US$/MWh respect
to 23 US$/MWh in 2018). For CSP coupled systems specific
CAPEX presents a very low impact — around +1-1.5% due to
the low installed capacity. On the other hand, the PV coupled
cases, are affected more relevantly by the specific CAPEX —
around +3.5% — due to the oversized systems; for PEM
coupling its impact is comparable with the one of electricity
supply parameters (SEC/electricity cost). The impact of water
cost is always below 1%, resulting negligible.

A +10% variation of the four selected techno-economic
parameters are reported in Table 8 for 2018 and 2025, graph-
ical results for 2025 are omitted for brevity.

Table 9 — H, conditioning systems capacity requirements.

ALK+PV direct ALK-+CSP direct PEM+PV direct PEM+CSP direct
Maximum flow rate (kg/h) 2018 6642.6 2383.3 6670.0 2393.3
2025 6730.6 2416.3 6638.5 2382.7
ALK+PV ALK+CSP PEM+PV PEM-+CSP
PPA PPA PPA PPA
2018 4657.4 2131.5 4668.3 2140.0
2025 4708.2 2159.2 4648.1 2130.8
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Distribution, storage and transport — results

With a cascading approach, the produced H, is fed into each
distribution, storage and transport pathway according to the
maximum hydrogen hourly flow rates reported in Table 9,
which are critical parameters determining the sizing of the
distribution, storage and transport components. The average
daily production for all systems is around 44 tony,/day for LH,
and 46 tony,/day for NH; pathways, according to the losses
(see Distribution,
maximum flow rates follow the trends previously discussed
for the electrolysis installed power (Tables 6 and 7).

In the following subsections, the results of each section of
the supply chain is analysed in detail. Since the PEM solutions
are always less cost-competitive respect to their ALK coun-
terparts only the ALK coupled systems are analysed for the
subsequent distribution, storage and transport phases.

storage and transport section). The

Compressed hydrogen — results

Compressed hydrogen is used either to reach the operating
conditions of the liquefaction plant (80 bar) or the ammonia
synthesis plant (up to 350 bar). Otherwise a CGH, buffer is
implemented in both the liquefaction and the ammonia syn-
thesis case in order to decouple the H, production and con-
ditioning. In this way the H, conditioning plant, which are
typically best operated in steady state can be operated with a
flat profile although the H, production is intermittent.

The energy consumption for compression — calculated by
Eq. (3) — from 30 to 80 bar is below 1 kWh/kg, while the con-
sumption for compression up to 200-350 bar is within 1-2
kWh/kg. In both cases the energy consumption, as well as the
CAPEX contribution of the compressor is one order of
magnitude less than the energy requirement for production
(see Table 2) and in any case lower than the energy require-
ment of other conditioning units. The CAPEX of the CGH,
storage units can become relevant for cases which require
many days of storage (see Liquified hydrogen — results
section, Ammonia carrier — results section).

Liquified hydrogen — results

In Fig. 10, the LCOH downstream the liquefaction step is re-
ported for 2018. Liquefaction plant capacities between 44-140
ton/day are assessed. The liquefaction LCOH contribution
ranges between 1.10 US$/kg for both CSP direct and CSP PPA,
and 1.43-1.73 US$/kg, for PV-PPA and PV direct respectively.
The hybrid solution — production fed by PV-PPA and
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Fig. 11 — LCOH after the liquefaction step (2025)
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Fig. 12 — LCOA (2018) vs reference NH; price from SMR

liquefaction fed by CSP-PPA with 1-day buffer — contribution
is equal to 1.18 US$/kg with 1-day CGH2 storage buffer. A 1-day
buffer is sufficient for the PV-PPA cases since the PPA ensures
the constant energy supply between 8-18h throughout the
year, however an increased storage is necessary to couple
direct energy supply, due to the increased variability (daily
and seasonal).

The liquefaction CAPEX and O&M contributions for the PV
coupled cases (due to increased flow rate) amounts up to 1.3-
1.5 US$/kgy, and is nearly double respect to the CSP coupled
systems. The CSP scenarios show larger cost of electricity for
liquefaction, which amounts to around 0.35 US$/kgy,, respect
to around 0.2 US$/kgy, for PV systems. Among the simulated
scenarios for LH,, the lowest LCOH is obtained for the hybrid
case with a 1-day buffer, equal to 3.54 US$/kgy,. Despite the
additional cost for the storage unit (0.35 US$/kgy, — not
negligible), the system coupling is able to achieve low CAPEX
based on 24/7 operation and low electricity cost due to PV-PPA
pricing (23 US$/MWh). For larger capacity storage units (4- or
8-day capacity) the hybrid solution LCOH is strongly increased
by the storage cost (1.39-2.78 US$/kgy,) which compromises
the competitiveness respect to the PV cases. Pre-compression
80 bar does not entail a significant cost (between 0.1-0.2 US$/
kguo).

The results show how the liquefaction process is a CAPEX
intensive operation and is more affected by a decrease in cost
(due to increased capacity factor) than by a decrease in the
cost of electricity. For this reason, operating with a flat profile,
as guaranteed by the CSP case, ensures lower costs. In Fig. 11
the LH, levelised costs are reported for each supply chain
pathway. The results follow a similar trend discussed for 2018,
with an overall cost reduction between 10-15%.
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Fig. 13 — LCOA (2025) vs target NH; price from RES
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The liquefaction costs contributions are in line with the
results of Cardella et al [27] which report a cost range between
1.38-1.72 €/kgy, which consider electricity prices of 50-100
€/MWh respectively.

Ammonia carrier — results

In Fig. 12 the Levelised Cost Of Ammonia “LCOA” is calculated
(only the best cases PV-PPA and CSP-direct have been
considered for brevity, other than the hybrid solution
PV-+buffer+CSP). The NH; synthesis capacity is around 240
tonyys/day for the CSP coupled systems and around 600
tonnys/day for the PV coupled systems.

Similarly to what discussed for the liquefaction, the
ammonia production is a CAPEX intensive process, favouring
the CSP supply schemes. The synthesis of ammonia LCOH
contribution ranges between 0.73 US$/kgy, for flat energy
supply schemes (CSP and hybrid PV+buffer+CSP scheme) and
up to 1.89 US$/kgy, from PV. Lower electricity cost PV supply
schemes are not favoured due both CAPEX intensity and
constant electricity required by the plant, which supplied by
costly firm-up electricity (around 60% of the total energy
supply of 56 GWh/year, at 100 US$/MWh) for large part of the
day. The most cost-competitive pathway is the hybrid one,
obtaining a LCOA of 528 US$/tonyys which is fairly close to the
reference value for SMR fed HB plants of 450 US$/tonygs [25],
strongly dependent from the variable cost of natural gas.

However, fully flexible HB plants are not market-standard
today, which could lead to unrealistically low LCOA. The re-
sults show that cost of storage is not negligible and increases
rapidly with the required days of storage, reducing the degree
of flexibility of the HB unit, especially for the hybrid case
which presents an oversized storage to account for both the
power variability and the HB flexibility [25].

The LCOA results for 2025 are reported in Fig. 13, the results
follow the same trend discussed for Fig. 12, with an average
reduction of around 15%, mainly due to the cost reduction of
the inlet H,. The target cost for RES-driven ammonia pro-
duction is set by IEA [8] at 300 US$/tonyps.

The LCOA results obtained for 2025 are comparable with
the results obtained by [25,28,105], which report LCOA values
in the range of 500-700 US$/tonyys in various renewable
powered ammonia synthesis scenarios, including flexible
electricity supply configurations.

Distribution & transport — results

In the following Figs. 14 and 15 the results for the final LCOH
for 2018 and 2025 are reported at the port of arrival of Osaka,
JP. Only the most competitive results for PV and CSP for each
carrier are shown, including the hybrid case PV+CGH, buf-
fer+CSP which achieve the most cost-competitive scenario for
both carriers (LH, and NHjs).

The LCOH of the NH; carrier is 7.478-7.79 US$/kgy,, which
is the lowest LCOH obtained in 2018. The cost of NH; synthesis
(1.13-1.45 US$/kg,) and reconversion (around 1 US$/kgy,) is
balanced with a reduced distribution, import/export and
travel cost (only 3.14 US$/kg, in total) thanks to the chemical
carrier characteristics. The standard flexibility HB unit is
considered (in line with the current state of the art of the
technology), which includes a 4-day CGH, buffer (around 0.4
US$/kgi,) both to smoothen the supply to the synthesis plant
and in relation with the HB flexibility degree. Non-flexible HB
units would require a further increase of the storage capacity
(up to 8-day at full load capacity), increasing the cost by
around 0.4-0.5 US$/kg.

The LH, scenarios present a LCOH range between 9-10 US$/
kguo. The liquefaction process accounts for around 1.5 US$/
kg, in total, which is 30-40% lower than the sum of NH;
synthesis and decomposition cost. However, the LCOH in
Japan is strongly affected (5 US$/kgy,) by the transport
contribution.

Both cases deriving from CSP driven H2 production are less
cost competitive respect to the PV ones. The final LCOH for the
CSP coupled LH2 pathway (best case) is slightly above 10 US$/
kguo, while for the NH3 pathway the final cost amounts to 8.62
US$/kgy,. The domestic distribution cost is increased (0.38
US$/kgy, respect to 0.19 US$/kgy, due to the location of the H2
production and conditioning plants).

The transport cost in 2018 is the dominant cost of the LCOH
breakdown, accounting between 50-60% and 40% for the LH,
and NHj cases, respectively. Due to the smaller capacity of the
ships (2,500 m?) the LH, carrier requires 15 ships 94 shipments
per year and consequently a large amount of fuel consump-
tion (1,260 ton/shipment, equating to 405.7 toncp,/shipment).
Instead, for the NHj; carrier case, the transport cost is strongly
reduced related to the increased H, content in mass laden in
the same ship capacity (m®. The shipping requirement is
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lowered to 9 ships performing 52 shipments per year, which
consequently entails a relevant reduction in CAPEX and fuel
cost (the total LCOH contribution for ship CAPEX, O&M and
fuel is reduced from 5.24 US$/kgy, to 2.91 US$/kgyy).

Due to the small ship capacity in 2018, the import/export
costs are low (only around 80 tony, storage units at the ports
are required) since nearly half of the ship can be loaded/
unloaded with the direct daily hydrogen production (44 ton,/
day) in the considered loading/unloading time (2 days).

All analyzed PV cases are cost-competitive respect to the
2018 reference hydrogen retail price for 2018, equal to 10 US$/
kg, .For CSP only the NH; pathway is cost-competitive respect
to the reference price, showing that it is more advantageous to
use the constant energy supply from CSP schemes comple-
mentarily to PV for the H, conditioning systems rather than
developing a H, supply chain directly based on CSP.

Also in 2025 the NHj carrier supplied with PV case is the
most cost-competitive pathway, resulting in a LCOH as low as
3.94-4.32 US$/kgy,. The advanced flexibility case has been
considered according to the increase of RES-driven flexible
ammonia production [19,29,92]. The reconversion cost ac-
counts for around 0.66 US$/kgy;, in line with IEA [90]. The LH,
pathways achieve a final LCOH of between 4.89-5.07 US$/kg,.
Pathways from CSP driven H, production reach a LCOH of 5.48
US$/kgy, and 6.22 US$/kgy, for NH; and LH, carrier,
respectively.

The overall reduction of the LCOH respect to 2018 is around
30-40%. The H2 production shows a relevant cost reduction of
20-25% as discussed in Solar hydrogen production - results
section while LH, and NH; production cost show mild re-
ductions (within 10-15%) as discussed in the respective
Liquified hydrogen — results section, Ammonia carrier —
results section. The greatest cost contraction can be seen in
the transport phase. In fact, the dominance of transport
contribution to the LCOH composition of 2018 is not observed
in 2025, where the LCOH is more balanced between each
single contribution due to the deployment of the new ships
with increased capacity (up to 6.5-11 ktony,/shipment) which
minimizes the transport cost for all configurations. Also the
use of H, boil-off in the propulsion system provides further
cost reductions in terms of fuel supply (600 ton/shipment, 195
toncoy/shipment), however the fuel cost (0.02 US$/kgs,) is not
as impactful as 2018 due to the larger capacity of the ships. For
the NH; ship the fuel consumption amounts to 0.07 US$/kgy,
(1020 ton/shipment equal to 328 toncoy/shipment). The
selected demand (15 ktony,/year) is probably undersized for
the foreseen ship capacities in 2030 (6.5-11 ktongy,/ship), in
fact only 1 ship is used with only 1-3 shipments per year
meaning that the ship is not fully exploited to the maximum
of its potential.

The import/export port facility storage buffer increases
drastically (up to 2300 tony,) due to the larger amounts laden
by the new ships. For the LH, carrier this entails a relevant
increase in cost (around 2 US$/kgy,) while for the NH; the
increase in cost is only marginal thanks to the carrier char-
acteristics which reduces drastically the specific costs of the
storage units.

In general, the Chilean H, supply chain pathways are
close to the cost target set by METI for 2025, equal to 3 US$/
kgy, (CIF — Incoterms 2010). The Chilean trade pathway is

comparable and competitive — especially with the NH; car-
rier — respect to Heuser et. al [15], which report 4.4 US$/kgi,
from renewable power in Argentinian Patagonia, which
could represent a strategic partner for export H, from Latin
America to Japan. The final costs are comparable with IEA [8]
which indicates a policy target of 3.6 US$/kgy, for H, import
in Japan and a LCOH range between 5-7 US$/kgy, from
Australia, both via LH, and ammonia carrier. The LCOH is
aligned with import costs from Australia, Norway, Qatar and
USA via electrolysis from renewables, ranging between 4.5-
5.5 US$/kgy, in 2025 [12]. Other studies, with more detailed
modelling [11,31] show more conservative results for
renewable hydrogen from Australia, obtaining 6.5-10 US$/
kgu, in the same period.

Conclusions

In this study, a comprehensive techno-economic analysis of
the solar H, supply chain is performed. The analysis includes
H, production via ALK and PEM electrolysis supplied by PV and
CSP + TES with different energy supply schemes (direct
connection and PPA). Subsequently the H, is compressed,
liquified or stored in an NHj carrier to be later transported to
Japan, according to the demand set by the guidelines declared
by the Japanese government.

In general, the results show that the dependency of the
LCOH respect to the balance between specific CAPEX (MUS$/
MW), capacity factor (%) and electricity cost (US$/MWh) is not
straightforward and is affected by country specific charac-
teristics. In the Chilean energy environment, it is more
competitive to oversize 2-3 times an electrolyser system
coupled with a PV system (25 U$D/MWh — capacity factor
around 35%), respect to supplying it with a CSP system (55
US$/MWh — flat profile) due to the high electricity intensity of
the H, production process. The lower PV electricity price
counterbalances the higher CAPEX of the larger capacity
electrolysers coupled to the PV system. PV-fed electrolysis is
more cost-competitive supplied by a PPA scheme, while CSP-
fed electrolysis the opposite is true, the direct onsite
connection is more cost competitive since the increase in
electricity cost is more relevant than the marginal increase of
the capacity factor. The most cost-competitive production
scheme is PV-PPA+ALK reaching 2.20 US$/kgy, (2018) and
1.67 US$/kgu, (2025-2030) with a cost reduction of around
25%. ALK electrolysis results always more cost-competitive
respect to PEM although the costs of PEM electrolysis is fall-
ing rapidly.

The sensitivity analysis results confirm what can be
observed in the LCOH repartition: the impact of cost of elec-
tricity and load factor are of paramount importance on the
LCOH, by far greater than CAPEX to the point that the system
capacity can be oversized up to 2-3 fold before a variation of
specific CAPEX reaches the same impact of electricity supply.
Water cost is always negligible, even if obtained by seawater
desalinization. It must be stated that PV is also much easier to
install respect to CSP, due to the technology market maturity
gained.

Instead, the H, conditioning step is strongly CAPEX-
intensive since both the liquefaction; ammonia synthesis
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plants are historically designed for steady-state operation.
CSP pathways with higher load factors are favoured over PV
pathways; hybrid systems achieve the best overall results,
allowing to size and operate the conditioning plant with a flat
profile while operating on low-cost inlet H,. More detailed
dynamic simulation of the conditioning plants should be done
in order to specifically assess and optimize their performance
with variable inputs (part-load operation, flexibility capability,
etc.) to determine the actual storage capacity requirement.
Increasing storage capacity may affect relevantly the LCOH.
Moreover, the storage requirement of the HB unit is more
challenging than the liquefaction plant since it depends both
on the supply variability and on the flexible operation capa-
bility. The latter must be assessed carefully with the available
technology in order to obtain realistic cost estimations.

Transport is a relevant cost for 2018 due to the limited
capacity of the available ships (170-300 tony,/ship) but can be
significantly reduced in 2025-2030 thanks to the increase of
ship capacity (up to 6.5-11 ktony,/ship), shifting the most
impactful costs on the port storage infrastructure, which in-
creases drastically.

Competitive LCOH values are achieved at the port of arrival
for the PV-fed pathways in both 2018 (7.48-7.79 US$/kgy, for
NH; — including reconversion costs — and 9.12-9.34 US$/kgu»
for LH,) and 2025 (3.94-4.32 US$/kgy, for NH; — including
reconversion costs — and 4.89-5.07 US$/kgy, for LH,), respect
to METI target prices (10 US$/kgy, in 2018 and 3 US$/kgy, for
2025) and other strategic pathways identified for the Japanese
market.
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LNG: Liquefied Natural Gas

OPEX: Operating Expense

PEM: Proton Exchange Membrane or Polymer Electrolyte
Membrane

PPA: Power Purchase Agreement

PV: Photovoltaic

RES: Renewable Energy Sources

SEC: Specific Energy Consumption

SMR: Steam Methane Reforming

TES: Thermal Energy Storage

TMY: Typical Meteorological Year

WACC: Weighted Average Cost of Capital

Notations & Symbols
B: pressure ratio

n: efficiency
cp: specific heat coefficient (constant pressure)

Cep: Specific energy consumption
k: heat capacity ratio

m: mass

m: mass flow

P: power

T: temperature

AT: temperature difference

Subscripts

1: input compressor
2: output compressor
AC: alternate current
e: electrical

el: electrolyser

H,: hydrogen

m: mechanical

nom: nominal
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