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electrolyzers and hydrogen shipment over long distances, the economically reasonable
export of hydrogen based on renewable energy requires low levelized costs of electricity. Within the scope of this study, the underlying idea of a hydrogen supply chain is
taken up and revisited by means of a spatially highly resolved wind energy potential
analysis and a detailed investigation of the supply chain elements between Patagonia
and Japan.
Our analysis reveals that approximately 25% of the total land area in Patagonia would
be eligible. Approx. 33,000 turbines with a minimum number of 4500 full-load hours with
an overall capacity of about 115 GW can be positioned. Taking into consideration the
related average number of 4750 full-load hours and an electrolysis efficiency of 0.7, this
leads to a potential production of about 11.5 million tons/year of hydrogen. So the wind
power potential of Patagonia would theoretically be sufficient for the assumed Japanese
hydrogen demand of 8.83 million tons/year. The total hydrogen pretax cost would
amount to approx. 4.40 V/kgH2 at a liquid state at the harbor of Yokohama. Hence, the
final specific costs of hydrogen in Japan depend on the expansion of wind power in
Patagonia and therefore hydrogen based on wind energy can be cost-competitive to
conventional fuels.
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Introduction
Power-to-gas: an option to meet worldwide energy
challenges
The challenge of covering the globally increasing demand for
energy [1,2] and accomplishing the greenhouse gas (GHG)
mitigation goals of the 2015 United Nations Climate Change
Conference (COP 21) [3] at the same time require a rapid and
massive integration of renewable energy sources (RES) into
energy systems. Their fluctuating occurrence requires further
developed solutions for increasing both temporal and spatial
flexibility. For this purpose the conversion of electricity to
hydrogen by means of water electrolysis, also referred to as
the Power-to-Gas approach, offers a promising technical solution by which reductions of GHG in further energy sectors
such as the transport sector can be achieved at the same time.
Thereby the usage of hydrogen is considered to be very
promising to store fluctuating RES. Under the premises of
reducing the global net GHG emissions to zero by the second
half of the twenty-first century [4] and ensuring a reliable,
sustainable, and affordable energy provision, new avenues
with regard to the international energy trade should be
explored. Energy concepts that consider the utilization of
energy from intermittent RES for producing hydrogen via
electrolysis and its transfer to other economic sectors like
transport or industry are, at present, developed on regional
and global scale. This approach is also referred to as sector
coupling. The principle of sector coupling has been introduced
by Robinius et al. [5]. For the example of Germany a scenario
targeting the year 2050 was developed and assessed by Robinius et al. [6]. Here, only surplus energy, which is defined as
renewable electricity exceeding electrical grid load was
considered for electrolytic hydrogen production. In order to
appropriately estimate energy surpluses the model set-up is
based on geo-spatially and temporally resolved information
and input data, respectively.
From a global point of view the spatial offer of RES like
wind and solar power differs significantly [7e9]. Due to regions of renewable energy surplus on the one hand and regions with high energy demands on the other, a worldwide
assessment is required that examines the economical performance of hydrogen provision schemes based on RES and
evaluates potential trading connections.

Energy challenges for Japan
Having the third biggest economy worldwide [10,11] Japan's
demand for energy was the fifth biggest worldwide in the year
2016 [12]. In 2015 Japan's total primary energy supply consisted of fossil fuels to more than 93% [4]. Since Japan has very
limited mineral resources available it was and yet is highly
dependent on the import of fossil fuels, especially crude oil
and natural gas. Only about 10% of the total primary energy
consumption was produced domestically in 2015 [13]. Prior to
2011, Japan was generating around 30% of its electricity by
using nuclear power [4]. The government planned on
extending this to 60% for purposes of emission reduction.
However, due to the 2011's Great East Japan Earthquake,

nuclear power plants have been shut down and Japan decided
to reduce the role of nuclear power in its energy portfolio [14].
With regard to fossil fuels Japan depends on overseas imports
for about 94% of its primary energy supply. 98% of oil-based
fuels are used in the mobility sector, thereof 87% are imported from the Middle East. As a result, Japan had the second
lowest self-sufficiency among the OECD countries in 2013 with
6e7% [15].
Compared to 2013 Japan strives to cut 26% of its CO2
emissions by 2030 and, in accordance with the COP 21
Agreement [4], the emissions are to be reduced by 80% by 2050
[15]. In 2015 the share of renewable energy sources (RES)
amounted to less than 6% of the total primary energy sources
in Japan [4]. Hence, despite the Japanese trend of promoting
the expansion of RES the corresponding domestic production
is lacking the potential to cover the country's prospective demand for emission free energy [16]. Taking into consideration
its goals of emission reduction [4] and the catastrophic nuclear accident at the Fukushima Daiichi Nuclear Power Plant
in March 2011 [17] the Japanese government strives for the
sustainable implementation of an emission free “hydrogen
society” by 2020 in which hydrogen will be the primary energy
medium [18,19]. Ozawa et al. [20] find that hydrogen as a lowcarbon power source must play a vital role in the future Japanese energy system.
Despite the recent trend of expanding the RES utilization
[21], the Japanese transport sector still depends heavily on
fossil fuel, mostly imported oil derivatives [12,15]. For purposes of replacement oil derivatives in the transportation
sector to meet the emission reduction goals the import of
emission free hydrogen from overseas is considered to be an
attractive energy supply option [22]. In its “Basic Hydrogen
Strategy 2017” [15] the Ministry of Economy, Trade and Industry states that realizing a hydrogen-based society requires
international hydrogen supply chains to ensure a reasonable
and secure provision with CO2 free hydrogen.

The RES potential of Patagonia
Unlike Japan, numerous countries or regions, respectively, are
characterized by a high RES potential [9,23e25] while having a
relatively low domestic energy demand at the same time.
Amongst various other regions all over the world, Argentina's
Patagonia shows a considerable wind potential. Characterized
by average full-load hours (FLH) between 4100 and 5200
[26,27], Patagonia's estimated wind energy potential of
~9600 TWh [28e30] is about ten times higher than the total
Japanese demand for electricity of 995.26 TWh [23]. At the
same time Argentina shows an electricity demand of only
131.20 TWh. Hence, exporting a significant part of the potentially producible renewable electricity could be exported
without jeopardizing a hypothetical Argentinian domestic
electricity supply based only on RES [31]. Therefore, an
attractive opportunity exists in which Patagonian wind power
generation acts as a hydrogen source for Japan's energy
economy.
The conversion of RES based electricity to hydrogen and
the subsequent domestic and oversea transport requires a
detailed analysis of the entire supply chain. This supply chain
comprises wind energy conversion, water electrolysis, a

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 1 2 7 3 3 e1 2 7 4 7

12735

Fig. 1 e Hydrogen supply chain scheme.

domestic pipeline transmission system, installations to
liquefy and store the hydrogen, and finally special carriers for
the oversea transport of liquefied hydrogen as shown in Fig. 1.
Besides the technical feasibility the total costs of the system
are of great interest to determine the specific costs for
providing hydrogen to Japan. These costs are defined as levelized costs of hydrogen (LCOH) in this study. While the energy passes through the different elements of the supply
chain, the LCOH increase with every stage to cover invest and
operational costs.

Literature overview
Several scenarios of exporting renewably generated electricity
in form of hydrogen or hydrogen-based fuels from different
regions with high energy resources around the globe to demand countries, especially to Japan, have been discussed in
literature before. Typically, related studies include hydrogen
production, domestic transport, storage, processing (e.g.
compression, liquefaction), and overseas transport. Since
hydrogen is characterized by a very low density, storing and
transporting hydrogen challenges the economic concept of a
hydrogen supply chain. Yang and Ogden [32] compare
different transportations modes of hydrogen to ensure technical and economic reasonability. They come to the conclusion that the long-distance transport (up to 500 km) of small
amounts of hydrogen (up to 70 tH2/day) in liquid form is less
cost-intensive than investing in a pipeline system and transporting the hydrogen in gaseous form. For larger amounts of
hydrogen the pipeline transport is more beneficial. Distances
higher than 500 km, especially for the oversea transport, have
not been considered by Yang and Ogden.
Following the approach of Yang and Ogden, Reuß et al. [33]
perform a well-to-wheel analysis in which they examine the
costs, energy consumptions, and GHG emissions of supplying
hydrogen to fuel cell electric vehicles. In contrast to Yang and
Ogden, Reub et al. combine different transport and storage
modes and compare these with respect to the overall supply
chain costs. For long-distance transport (up to 500 km) and
high amounts of hydrogen (up to 100 tH2/day), storage and
transport of gaseous hydrogen in underground caverns and
pipelines appears to be the least cost-intensive solution.
As opposed to this, Teichmann et al. [34] show the suitability of liquid organic hydrogen carriers (LOHC) for the longterm storage and long-distance transport of hydrogen since
these substances can be handled like well-known oil-derivatives. A comprehensive life-cycle assessment of LOHC as a
hydrogen transport option is performed by Wulf and Zapp
[35]. Similarly, Gretz et al. [2] investigate a supply chain of

hydropower-based hydrogen from Canada and the delivery to
Europe considering LOHC, ammonia (NH3), and liquid
hydrogen (LH2) as reasonable transport and storage alternatives due to their thermodynamic properties. Referring to a
100 MW hydropower project in Canada, Gretz et al. calculate
15,000 tons of hydrogen per year to be produced. Watanabe
et al. [30] found that producing 54 billion Nm3/a (4.86 million t/
a) based on Patagonian wind-generated electricity is technically feasible due to the enormous RES potential in Patagonia
with electricity production costs of about 4e8 $-c/kWh
(3.3e6.7 V-ct/kWh1 or 1.1 to 2.23 V/kg). Finding LCOH of 13e21
$-c/kWh (10.8e17.5 V-ct/kWh or 3.6 to 5.83 V/kg) after
liquefying the hydrogen and shipping it to Japan, Watanabe
et al. come to the conclusion that hydrogen from Patagonia
can be an economically reasonable energy supply option for
Japan if import prices for crude oil, oil derivatives, and natural
gas increase due to prospective resource limitation [30].
Kamiya et al. assume a hydrogen supply chain based on
hydrogen from lignite gasification in Australia [22]. In this case
225,500 tons of hydrogen per year can be produced, liquefied,
and shipped to Japan. Gasifying lignite to produce hydrogen
emits CO2 emissions that are captured and stored underground (CCS). Hence, Kamiya et al. refer to an emission free
supply chain although a capture rate of CO2 of 100% is neither
technically nor economically reasonable [36]. However,
Kamiya et al. find levelized costs of hydrogen of 29.7 Yen/Nm3
(2.54 V/kgH2 or 7.6 V-ct/kWh) which is due to the low lignite
costs. The biggest shares of the LCOH are contributed by the
production (29%) and liquefaction (33%). A further study based
on Kamiya et al. about a hydrogen import pathway between
Australia and Japan is performed by Chapman et al. [37] in
which the authors found that hydrogen from renewable energy sources in Australia can be imported in Japan at costs of
24.62e33.57 yen/kWh (6.31e8.61 V/kgH2).
According to Fasihi et al. [26,38] Power-to-Liquids based on
renewable energy from hybrid PV-Wind power plants is a
promising pathway to provide Japan with transportation
fuels. Nevertheless, a further processing of hydrogen to a
liquid hydrocarbon fuel implies losses of over 50% of the
electrical energy provided by wind turbines. By utilizing
hybrid PV-Wind power plants with a capacity of 5 GW and FLH
of 6840 h/a to harness both the insolation and wind speed in
Patagonia, Fasihi et al. show that 694,000 tH2/a can be produced and subsequently converted to synthetic diesel [26] or
synthetic natural gas (SNG) [38]. After shipping the diesel to
Rotterdam the levelized costs of fuel (LCOF) would come to be
1

Within the scope of this study exchange rates of 1.2 USD/
EURO and 130 JPY/EURO are assumed.
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70.89 V/MWhth (0.69 V/l). Thereof the electricity production
and the hydrogen-to-liquid plant contribute the largest cost
share. With regard to the supply chain based on synthetic
natural gas, Fasihi et al. assume an amount of 1.9 billion m3
(1.37 million t/a) to be shipped to Japan. The levelized costs of
gas (LCOG) amount to 65.61 V/MWhth (0.91 V/kg). Here the
biggest contributions to the LCOG come from the electricity
generation and the methanation process.

Scope of the present study
Despite the fact that most literature contributions in the
recent years have a similar supply chain design in common,
literature is lacking a comprehensive analysis of a generally
applicable hydrogen supply infrastructure focusing on the RES
energy generation. Therefore, this work covers both a highly
spatially and temporally resolved RES modelling and a
detailed supply chain analysis, cf. Fig. 1. Taking up and the
initial approach of Watanabe et al. and expanding it by a
highly resolved wind energy potential analysis this work
considers hydrogen to be produced from wind-generated
electricity in the strong wind region of Patagonia, liquefied
and transported to Japan. The objective of this study is to
show one option to cover the Japanese prospective hydrogen
demand totally by overseas imports from Patagonia with a
strong focus on economic feasibility. Although the full supply
chain is explicitly investigated and can be applied to different
regions of the world, this study focusses on the potential
hydrogen trading link between Patagonia and Japan.
First, the prospective Japanese hydrogen demand is
derived based on different literature sources. Afterwards the
methodology of the hydrogen supply infrastructure is
explained in detail with a particular focus on the wind potential assessment. The results include the techno-economic
wind potential and the hydrogen supply chain costs with
reference to the example of the trading link between Patagonia and Japan. In order to put this study in context to the
existing literature, results of different studies performed in
the past are adduced for validation purposes.

After being transported to the harbor, the hydrogen is liquefied and partly stored in LH2 tanks. The storage tanks are
required for synchronization of the fluctuating hydrogen
generation from the wind power and the discontinuous
shipment from the harbor. The LH2 carriers based on the
concept of Kawasaki Heavy Industries [22] start at Comodoro
Rivadavia, land at the harbor of Yokohama, Japan, and provide
the liquid hydrogen to the domestic distribution system which
is not further considered in this study. The full distance of this
sea route amounts to 21,400 km [39]. Fig. 2 shows the sea route
from Comodoro Rivadavia to Yokohama, crossing the Pacific
Ocean. Additionally, the concept for a LH2 carrier by Kawasaki
Heavy Industries is depicted too.

The prospective hydrogen demand in Japan
By implementing a hydrogen society, Japan aims for several
objectives. Firstly, hydrogen from different sources, but
especially from different renewable energy sources, reduces
supply risks. Secondly, by using hydrogen no CO2 is emitted
during the energy conversion reaction. And lastly, the government sees economic competitiveness potential in being
the first nation to implement a hydrogen society [15].
In general, literature sources assume an increasing demand for hydrogen over the coming decades. According to the
Japanese government's Basic Hydrogen Strategy, the demand
for hydrogen is supposed to be 4000 tH2/a in 2020; 300,000 tH2/a
in 2030, and around 5 to 10 million tH2/a in 2050 [15]. Similarly
Ishimoto et al. [40] state that in 2020 the demand for hydrogen
in Japan will be 9872 tH2/a, in 2030 1.9 million tH2/a, and in 2050
it will be around 9.5 million tH2/a as shown in Fig. 3. Thereof
4.5 million tH2/a (48%) are destined for the transportation
sector and 0.21 million tH2/a (2.2%) for the refinery and industry sector. The rest is supposed to be converted in power
generation processes, in other word in re-electrification
processes.
Matsuo et al. [41] calculate a Japanese hydrogen demand of
35,920 tH2/a for 2030 and around 8 million tH2/a for 2050. In
contrast to Ishimoto et al. here the demand in the transport
and mobility sector is expected to be much lower. Although in

Scenario setting
The examined infrastructure for hydrogen supply covers all
supply chain elements from hydrogen production to the
shipment of liquefied hydrogen to Japan, cf. Fig. 1. This
chapter shown the main framework conditions for the scenario analyzed in the present study.

Hydrogen supply chain between Patagonia and Japan
Within the scope of this study hydrogen is generated in
Patagonian by means of electrolysis and wind-generated
electricity. After compressing the hydrogen it is transported
n and Rı́o
domestically via pipeline from the provinces Neuque
Negro and from Tierra del Fuego and Santa Cruz to the harbor
of Comodoro Rivadavia in the province of Chubut. With a
factor for indirect routing of 1.2 the total pipeline system
length comes up to 4500 km, ~2500 km of which belong to the
tributary pipelines and ~2000 km belong to the main pipelines.

Fig. 2 e Sea route from Comodoro Rivadavia (Patagonia) to
Yokohama (Japan) [39]; Kawasaki Heavy Industries concept
of LH2 carrier [22].
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Fig. 3 e Prospective Japanese hydrogen demand according to Ishimoto et al. [40], Matsuo et al. [41], and the NEDO report 2015 [42].

2030 Matsuo et al. assume this sector to be responsible for the
whole demand of 35,920 tH2/a but in 2050 only 1.35 million tH2/
a (16.8%) of demand are expected (compare Fig. 3).
The New Energy and Industrial Technology Development
Organization (NEDO) [42] estimated the prospective Japanese
hydrogen demand to be 314,300 tH2/a in 2020 and 10.6 million
tH2/a in 2050. Like Matsuo et al. the NEDO estimates the power
generation sector to contribute the most to the overall
hydrogen demand in 2050. Whereas only 1.41 million tH2/a
(13.3%) are allotted to the transportation and mobility sector,
power generation makes for 8.27 million tH2/a (78%). As shown
in Fig. 3, the rest is allocated to refinery and industrial demands and domestic use in fuel cells for heat and electricity
production.
In a contribution by Yuki Ishimoto [43] in 2012, the author
assumed the hydrogen demand for 2025 to be 8.83 million tH2/
a [22]. With regard to a study published in 2014 [44] Ishimoto
et al. estimated the prospective hydrogen demand to be 19.8
million tH2/a in 2050. In the above mentioned study [40] from
2017 the authors lower their demand expectations down to 9.5
million tH2/a. Thus, a trend of lower demand expectations can
be identified. Averaging the 2050 demand values from the
three aforementioned literature sources, the resulting demand comes to 9.3 million tH2/a. Since this study strives to
give a conservative estimation for the prospective hydrogen
demand in accordance to the mentioned literature sources we
assume a prospective Japanese hydrogen demand of 8.8
million tH2/a in the year 2050 resulting from subtracting a
correction factor of 5% off the average value.

Methodology
This study performs a techno-economic analysis of a
hydrogen infrastructure focusing on the production based on
wind energy. Besides the technical requirements due to the
specific properties of hydrogen the underlying cost assumptions combined with a dynamic cost assessment methodology
are presented in this chapter. Here both the wind potential

analysis and the hydrogen supply chain are subject to the
shown cost assessment. For the purpose of connecting the
supply chain elements hydrogen processing modules like
compression and liquefaction are to be considered and
analyzed as well in the following.

Properties of hydrogen
The extremely low density of hydrogen of about 0.09 kg/m3
and the resulting low volumetric energy density at ambient
conditions of 0.003 kWh/l challenges both the storage and
the transport of hydrogen [45,46]. Compared to conventional
fossil energy carriers like gasoline or diesel (~10 kWh/l)
hydrogen requires its compression, liquefaction, or chemical
bonding to carriers like liquid organic hydrogen carriers
(LOHC) [34,47] to enable economically reasonable storage
and transport. Compressing gaseous hydrogen (GH2) increases the density from 90 g/m3 to 8.3 kg/m3 at 100 bar (for
pipeline transportation [48]) and 41.7 kg/m3 at 700 bar (for
on-board storage in automotive applications [49]). At 100 bar
the volumetric energy density amounts to about 276 kWh/
m3, at 700 bar it even reaches circa 1390 kWh/m3. The
liquefaction of hydrogen increases the density and the
volumetric energy density up to 71 kg/m3 or 2366 kWh/m3,
respectively. Nevertheless, cooling hydrogen down to its
boiling point of 21 K requires a theoretical energy demand of
3.9 kWh/kgH2, de facto 12 to 15 kWh/kg (36e45% of overall
hydrogen energy content) are needed in practice [50]. A
certain amount of hydrogen boil-off has to be considered
due to the fact that storing liquid hydrogen (LH2) even in
massively insulated tanks does not allow perfect adiabatic
conditions.

Cost assessment
The approach that is applied for the economic analysis of the
hydrogen infrastructure in this study is derived from Reuß
et al. [33]. In this analysis the Weighted Average Cost of Capital (WACC) amounts to 8%. In the following the general
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procedure of economical assessment is presented. Investment costs of chemical plants are assumed to scale with capacity which leads to decreasing specific investment costs:

InvestScale
capacity
InvestTotal ¼ InvestBase *
InvestCompare

(1)

Determining the required capacity Reub et al. take into
account an overcapacity factor fcap ¼ 1:1 and an overto consider flexible operational
production factor fprod ¼ 8760h
FLH
hours of plants and losses of hydrogen across the supply
chain, respectively:
capacity ¼ capacitynominal *f cap *f prod

(2)

According to the principles of dynamic pre-investment
analysis the annuity factor is based on the WACC and the
depreciation period n:
ð1 þ WACCÞn *WACC
ANN ¼
ð1 þ WACCÞn  1

(3)

The specific annual capital expenditures (CAPEX) result
from the quotient of the total annual discounted investment
costs and the respective total annual hydrogen throughput:
CAPEX ¼

InvestTotal *ANN
throughput

(4)

Reub et al. define the fixed operational and maintenance
costs (fixOPEX) by a percentage share of the investment costs
(OM) whereas the variable operational costs (varOPEX) depict
the operation-related demands like electricity, fuels, and
water. The fixOPEX are defined as follows:
fixOPEX ¼

InvestTotal *OM
throughputNominal *f prod

(5)

In summary the total cost that occur during one operational period, in this case one year, result in the sum of CAPEX,
fixOPEX, and varOPEX:
TOTEX ¼ CAPEX þ fixOPEX þ varOPEX

(6)

The required cost data of all technical facilities and elements is based on Reub et al. and shown in Table 1.

Determination of wind energy potential
In order to determine the wind energy potential of Patagonia,
region-specific constraints for the placement of wind turbines
are required. By means of topographical databases, the eligible

land area for wind turbines within Patagonia's five provinces
 n, Rı́o Negro, Chubut, Santa Cruz and Tierra del Fuego
Neuque
can be determined. These databases contain detailed information about physical features such as water bodies and
rivers, protected areas and habitats, terrain elevation and
slope, as well as settlement areas and infrastructure. Within
the eligible lands, a wind turbine placement model then determines possible locations of turbines considering a minimum distance between turbines. Using a standard powercurve-based simulation approach the FLH for every located
turbine and the related electricity production costs are
derived. By imposing a minimum permissible FLH on this
distribution the number of considered locations along with
the related electricity generation costs is reduced.

Land eligibility
First the wind energy potential of Argentina's Patagonian
area is determined to ensure the capability to cover the
prospective Japanese hydrogen demand. This quantity represents the maximum capacity which could be installed in
this area while still respecting typical sociotechnical constraints; such as a security distance from roads, rivers, and
protected areas. The Geospatial Land Availability for Energy
Systems (GLAES) [55,56] model is used to perform this
analysis. This is an open source model specifically designed
to perform land eligibility and capacity distribution evaluations for onshore wind and other renewable energy system
technologies. Nevertheless, to make use of GLAES outside of
a European context, it is necessary to find geospatial data
sources which can represent the various sociotechnical
criteria. Furthermore, while GLAES suggests security distances and similar thresholds for over 40 typical constraints,
these values are not thought to match the application case
investigated here; most notably is that a maximum distance
from the existing road network of 10 km is enforced as it is
assumed that the necessary wind power infrastructure elements have to be transported via road.
The areas of land to be excluded cover physical restricted
areas, like water bodies, rivers, and creeks, protected areas,
like parks, landscapes, natural monuments, reserves, wildernesses, biospheres, and natural habitats, elevations and
slopes above 1500 m and 20 , respectively, and residential
restricted areas and infrastructures, like settlements, major
roads, railway routes, and airports. Table 2 displays the sociotechnical constraints which are applied to the Patagonian
region and the data source which was used to represent each
constraint.

Table 1 e Assumptions for considered hydrogen conversion elements (based on Reuß et al. [33]).

StateIn
StateOut
Investbase
Investcompare
Investscale
Depreciation period
OM
Electricity demand
Losses

Compressor [51]

Liquefaction [52]

Evaporation [53]

LH2 pump [54]

GH2
GH2
3.9 kV
1 kW
0.8335
15 a
4%/a
Variable
0.5%

GH2
LH2
105 MV
50 t/day
0.66
20 a
8%/a
6.78 kWh/kg
1.65%

LH2
GH2
6 kV
1 t/day
1
10 a
3%/a
0.6 kWh/kg
0%

LH2
LH2
30V
1 t/day
1
10 a
3%/a
0.1 kWh/kg
0%
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Following the land eligibility investigation, the number of
turbines which can be placed within this area is found using
GLAES's item-distribution feature. This feature is always
employed following a land eligibility analysis and locates the
maximum number of items which can be placed in the eligible
areas while ensuring that a minimal distance is maintained
between any two items. This minimal distance is a compromise between minimizing the shadowing effects and maximizing the compactness of the wind farms or minimizing the
capital costs, respectively. For the analysis conducted here, a
minimal distance of 600 m between turbines is chosen as it
represents slightly under 6 times the rotor diameter [66] of the
turbine model selected. In order to determine capacity potential, and later on generation time series values, a specific
turbine model is required. Therefore the Enercon E-101 E2 [67]
turbine is selected as it is a contemporary strong wind turbine
that is designed for environments such as that found in
Patagonia with a average wind speed level above 10 m/s. This
turbine model is characterized by a rated power of 3.5 MW, a
hub height of 74 m, and a rotor diameter of 101 m. The investment costs for the installation of wind turbines is
assumed to be 1000 V/kW with associated fixOPEX of 2% and
no varOPEX.
The wind potential is performed with a commercially
available turbine type that indeed grants stability in strong
wind region but does not represent a selection of all suitable
turbines. A synthetic wind turbine power curve based on
different strong wind turbine types would increase robustness
and result in a more representative result with regard to the
impact on FLH, capital costs, and capacity. Furthermore,
shadowing effects in wind parks are to be considered in a
subsequent analysis.

Hourly wind generation and location filtering
Designing an effective network to satisfy a future Japanese
hydrogen demand requires temporally resolved generation
values from the wind turbines placed in Patagonia. Therefore
a selection of the potential turbine location identified previously is desired, after which the generation of these turbines
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must be combined. This is accomplished by first simulating
each turbine independently for a complete year, estimating
the levelized cost of electricity (LCOE) in each case, and then
removing all turbines found to be above an LCOE threshold.
The simulation procedure for any particular location begins by extracting time series wind speed values from the
closest grid index within the Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) [68]
dataset. These values are provided on a 0.625 longitudinal
by 0.5 latitudinal grid, and describe wind speeds at 50 m
above the surface during the year 2013. In order to adjust these
wind speeds to a local context for the location being simulated, the extracted time series data is scaled such that its
mean matches the average wind speed specified by the Global
Wind Atlas [7] dataset; which provides 50 m average wind
speed values globally on a 1 km grid. Next, the adjust wind
speeds are projected to the 74 m hub height of the selected
turbine by assuming a logarithmic wind profile. In formula (7)
vhub is the wind speed on hub height, vmeasured is the wind
speed from the data set, Hhub and Hmeasured are the hub
heights and the height on which the wind data was measured,
respectively, and z0 is the roughness factor of the ground
surface.

vhub

 
log Hzhub
0

¼ vmeasured * 
log Hmeasured
z0

(7)

For each simulation location, the land cover classification
provided by ESA's Land Cover dataset produced within the
Climate Change Initiative [60] is used to suggest the roughness
factor; inspired by the approach described by Silva et al. [69].
Similar to the procedure taken by Staffel et al. [70], convolution of the turbine's power curve is then applied using a
gaussian kernel with a width equal to ten percent of the
windspeed. Finally, the projected wind speeds are compared
against the convoluted power curve, which results in generation values at each time step.
As mentioned, the LCOE of the wind electricity should not
exceed a certain threshold. Since the LCOE of wind-generated

Table 2 e Land eligibility constraints applied to the Argentina's Patagonian regions within the GLAES model with a spatial
resolution of 300 by 300 m. The data sources selected to represent each constraint are also given.
Constraint

Exclusion

Source

From regional boundaries
Distance from primary roads
Distance from railways
Distance from airports
Distance from settlements
Distance from woodlands
Distance from water bodies

500 m
500 m
500 m
5 km
1 km
300 m
1 km

Distance from rivers
Elevation
Terrain slope
Distance from protected
Distance from protected
wildernesses
Distance from protected
Distance from protected

biospheres
parks, monuments, reserves, and

150 m
1.5 km
20
300 m
1 km

Global Administration Boundaries [57]
OpenStreetMap [58]
OpenStreetMap [58]
OpenFlights [59]
European Space Agency (ESA) [60,61]
European Space Agency (ESA) [60,61]
European Space Agency (ESA) [60,61], World Wildlife Foundation [62],
WWF [63]
World Wildlife Foundation [62], OpenSteetMap [58,64],
Own assumptions
Own assumptions
World Database of Protected Areas [65]
World Database of Protected Areas [65]

landscapes
habitats and bird areas

500 m
1.5 km

World Database of Protected Areas [65]
World Database of Protected Areas [65]
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electricity directly related to the FLH of the wind turbines, the
threshold results from the respective numbers of FLH of each
turbine location.
LCOE ¼

Investturbines *ANN þ InvestTotal *OM
Electricity throughput

Invest
(8)

Starting with a exogenously set minimum FLH number of
2000 and an increment of 500 FLH, different scenarios of wind
energy expansion can be considered.

Hydrogen infrastructure
Hydrogen production is performed by means of Proton Exchange Membrane (PEM) electrolysis, whereby water is split
into hydrogen and oxygen. Referring to Reuß et al. [33], Robinius [71] and Schiebahn et al. [72], the assumed efficiency of
PEM electrolysis comes up to h ¼ 0.7. This implies an electricity consumption of 47.6 kWh per kg produced hydrogen.
The water consumption is assumed to be 0.01 m3H20/kgH2 and
the water costs are assumed to be 4 V/m3. This conservative
estimation is supposed to cover expenditures for providing
clean water to remote regions in Patagonia. Since the total
wind-generated electricity is expected to be converted to
hydrogen, we assume the electrolyzers to run in a flexible
operation mode at the same FLH number per year as the wind
turbines. Converting the total wind-generated electricity requires also the corresponding capacity of electrolysis to be
installed. This offers scope for improvement in subsequent
analyses. For instance implementing a procedure to curtail
the electricity generation to the economically optimal electrolysis capacity would lead to lower system costs. According
to Reub et al. the invest costs for an electrolysis unit are estimated to 500 V/kWel, the lifetime to 10 years, and the operational costs to 2% of the invest costs [33].
Since the generated energy is converted to hydrogen, the
specific production costs' reference is the annual throughput
of hydrogen. Hence, these levelized costs of hydrogen are
defined as follows:
LCOH ¼

TOTEXSystem
Hydrogen throughput

specific costs related to the pipeline length Reub et al. and
Krieg use the following cost function:

(9)

Following conversion, hydrogen is compressed from the
electrolysis output pressure of 30 bare100 bar and transported
via pipeline. Based on Yang and Ogden [32] and Reuß et al. [33]
pipeline transmission is considered to be the economically
most viable option to transport relatively high amounts of
hydrogen over long distances. The compressors energy demand and invest costs depend on the compression capacity
and the pressure levels of in- and output. Here, isentropic
compressor efficiency and real gas properties are used [33,73].
Several tributary pipelines carry the hydrogen to the main
pipelines traveling from north to south. According to Reuß
et al. [33] and Krieg [48], the pipeline diameter is the main cost
driver for a pipeline transportation system. It depends on the
hydrogen throughput as well as on the transportation distance. Within the scope of this analysis the required pipeline
diameter D is calculated based on an iterative thermodynamic
approach that takes into account throughput, distance and
maximum allowed pressure drop. For the calculation of the

 
V
V
V
¼ 0:0022
*D þ 247:5V
*D2 þ 0:86
m
mm2
mm

(10)

Furthermore, the maximum allowed pressure drop is
assumed to be 70 bar, the pipeline lifetime to be 40 years, and
the operational costs to be 4% of the invest costs that result
from the cost function mentioned above [33]. As for the domestic transport of hydrogen, a factor for indirect routing of
the pipeline system is to be integrated in prospective analyses.
Additionally, an approach for optimized pipeline routing
could improve the robustness of the results as well as
decrease the LCOH cost share of the domestic transport.
Liquefying hydrogen is highly energy intensive. According
to the 2008 Nexant Report [53] and the IdealHy study [52] this
analysis assumes the energy demand to be 6.78 kWh/kgH2.
Despite the fact that the energy efficiency of a liquefaction
plant increases with its capacity in this case constant energy
efficiency is assumed for simplification. The invest costs
result from formula (1) using the cost scaling parameter of the
IdealHy study (compare Table 1).
Storing liquid hydrogen requires high effort in insulation
due to the extremely low boiling point of hydrogen. In this
study the above-ground storing 1 bar LH2 tanks do not follow
any scaling cost function but show constant investment costs
per kg stored hydrogen. These costs are based on the values of
the U.S. Department of Energy [74]. Per kgH2 stored 25 V have
to be invested. The depreciation time for the tanks comes to 20
years with an annual OM of 2%. 0.03% losses per day caused by
so called boil-off are considered. The total storage capacity at
the harbor in Comodoro Rivadavia is assumed to be ten times
the shipping capacity of Kawasaki Heavy Industries' LH2 carrier concept [22], 113,600 tLH2 in particular.
At this time there are no ocean-going LH2 carriers of industrial scale, so the LH2 carrier concept of Kawasaki Heavy
Industries [22] is employed wherein one hydrogen carrier
features a capacity of 160,000 m3 (11,360 t) of liquid hydrogen.
According to Ref. [22] the carrier design is similar to LNG
carriers and is in accordance with the international regulations on ships carrying liquefied gas. It is mentioned that the
boil-off loss amount is limited to 0.2% per day and could be
used as part of the fuel for the propulsion of the tanker,
however in this study a diesel engine with an average fuel
demand of 211 tons/day [75] is assumed for the carrier. Fuel
cost is assumed to be 400 V/ton (480 $/ton). As mentioned, the
total distance for one trip to Japan amounts to 21,400 km. This
study assumes an average speed of 18 knots/h or 33 km/h,
respectively. For pumping the hydrogen into a carrier a
loading time of 24 h is considered, same holds for the
discharge in Yokohama. That being said, a round trip to Japan
and back to Patagonia lasts ~56 days including loading time.
The required number of hydrogen carriers is calculated according to formula (11). The exported amount of hydrogen is
multiplied by the overcapacity factor and divided by the capacity of one carrier. Since one carrier can do the roundtrip
several times per year, the aforementioned division results is
then multiplied by the ratio of the sum of roundtrip duration
and loading time and the full duration of one year.
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Nship

H2 export *f cap trip duration þ loading time
¼
*
8760h
capacityship

(11)

According to Kamiya et al. [22] the LH2 carrier investment
amounts to ~440 million V. In this study 500 million V per ship
without scaling effects are assumed as a more conservative
cost estimation. Annual operation and maintenance costs
come up to be 0.02% of the invest cost; depreciation time is
assumed to be 30 years.

Results
In order to illustrate the application of the aforementioned
methodology and show the results of the wind potential
analysis, the province of Santa Cruz is selected as a representative example. As for the results of the hydrogen supply
chain, the focus is put on cost results, specific costs with
reference to the amount of hydrogen in particular. This serves
the purpose of comparing the results to literature values and
especially to current conventional fuel costs in the subsequent chapter.

Analysis of wind energy potential
With reference to Argentina's total land area of 2,780,100 km2,
25% is eligible according to the land eligibility methodology
shown in chapter 3.3. This equals 703,818 km2 for which,
following the described methodology, a little over 2 million
potential turbine locations are identified. This is equivalent to
~7 TW. For purposes of illustration, Fig. 4 shows the results of
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the land eligibility procedure by the example of the Patagonian regions of Santa Cruz before the exclusions of all areas
with a distance to roads exceeding 10 km.
Fig. 5 shows the consideration of maximum distances to
the exisiting road network in Patagonia. As a result of this
procedure, 25% of Argentina's Patagonia area is found to be
available for 564,261 wind turbines.
As mentioned in chapter 3.3, different scenarios with regard to the considered full-loads hours of the turbines were
investigated. In a scenario with a minimum of 4500 FLH,
33,011 of the overall potential of 2 million remain in
Argentina. 32,917 of which are found in Patagonia, in the
n, Chubut, Santa Cruz, and
provinces Rı́o Negro, Neuque
Tierra del Fuego, respectively (compare Table 3, Patagonia
emphasized in orange and green). The estimated total electricity production comes to about 550 TWh. Under the
assumption of an electrolysis efficiency of about 70% this
amounts to roughly 11.5 million t/a of hydrogen, and therefore would cover the prospective Japanese hydrogen demand
(compare chapter 2). Hence, the area of Patagonia and the
scenario with a minimum of 4500 FLH are considered
exclusively in the following.
Using the example of the province of Santa Cruz again,
Fig. 6 shows the number of potential wind turbines and the
respective LCOE for each FLH scenario between 2000 and 5500.
For Santa Cruz 190,066 turbines have been found in total (not
considering a minimum of FLH), 12,561 of which show FLH
above 4500. The average number of FLH is about 3600 and
varies from ~580 up to ~5800. These turbines can provide
around 210 TWh of electricity with 4750 FLH on average and
LCOE of 2.56 V-ct/kWh.

Fig. 4 e Land eligibility analysis applied to the example of Santa Cruz.
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Fig. 5 e Consideration of distances to road network in Santa Cruz.

Table 3 e Wind potential of Argentina (min. 4500 FLH).
Name of province

Number of WT

FLH

Gen. Energy [TWh]

Buenos Aires
 rdoba
Co
Chubut
n
Neuque
Rı́o Negro
San Luis
Santa Cruz

63
25
17,723
263
788
6
12,561

4860
4700
4704
4636
4701
4581
4751

1.1
0.41
291.8
4.3
12.9
0.1
208.9

Tierra del Fuego
Patagonia

1582
32,917

5279
4749

29.2
547.1

With respect to the prospective Japanese hydrogen demand, only 95 GW of the possible 115.2 GW installed capacity
in Patagonia are necessary. The annual electricity production
then amounts to 421 TWh. Since the LCOE depend on the
respective number of FLH in each scenario, the cost level of
2.56 V-ct/kWh holds for total Patagonia in the scenario with a
minimum of 4500 FLH per year.

Hydrogen supply chain
For converting the generated electricity from 32,917 turbines
(each 3.5 MW) an electrolysis capacity of 115 GW is required
since no curtailment of wind energy is considered so far.
Under the cost assumptions for water electrolysis from
Table 1, the levelized costs of hydrogen after electrolysis
result in 2.16 V/kgH2. These TOTEX include the CAPEX and

Literature reference values

FLH: 4117 [30,76]

No. of WT: 12,100e25,800
FLH: 4300
Gen. Energy: 260e333 TWh [30]
FLH: 5170 [26]

OPEX for the electrolyzer's operation as well as water costs
(compare chapter 3.4) and the electricity costs of 2.56 V-ct/
kWh.
According to formula (1)e(6) and the cost data from Table 1,
the contribution of the compression to the LCOH is calculated
to be 0.03 V/kgH2 which leads to LCOH of 2.19 V/kgH2. Here, the
LCOE of 2.56 V-ct/kWh are considered as well to cover expenses for the required compression electricity.
To gather around 8.8 million t/a of hydrogen, the tributary
pipelines each show a diameter of ~900 mm and invest costs
of 2.8 million V/km while the main pipelines have a diameter
of 1330 mm and invest costs of 5.3 million V/km.
With regard to the invest cost function in formula (9) and
the above mentioned economical parameters of the pipeline
system, the LCOH increase from 2.19 V/kgH2 to 2.73 V/kgH2
after the pipeline transportation.
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Fig. 6 e Location results for wind turbines in Santa Cruz.

The liquefaction stage of the hydrogen supply chain adds
0.40 V/kgH2 to the LCOH that come up to 3.13 V/kgH2. Storing
the hydrogen results in a share of LCOH at the amount of 0.18
V/kgH2. As a consequence, the preliminary LCOH amount to
3.31 V/kgH2 in liquid form at the harbor of Comodoro Rivadavia.
For the oversea transport to Japan 139 LH2 carriers are
required to provide the discontinuous hydrogen flow to Japan
due to the round trip time of ~56 days. By means of formula (1),
the LH2 shipping cost share in LCOH amount to 1.13 V/kgH2. On
the assumption of a weighted average cost of capital, this
leads to final provision costs of 4.44 V/kgH2 at a liquid state in
the harbor of Yokohama. Based on the lower heating value
(LHV) of hydrogen, this is adequate to 13.3 V-ct/kWh.
With regard to the development of levelized cost of
hydrogen across the supply chain, the biggest shares are
contributed by the electricity (1.22 V/kgH2), the electrolysis
(0.94 V/kgH2), and the ship transport (1.13 V/kgH2). Fig. 7 shows
how the final LCOH in the harbor of Yokohama result on the
left side. The right side gives the cost distribution for each
supply chain element.

Literature comparison and discussion
Different other studies have assessed the wind potential of
Patagonia and the provision of CO2 free hydrogen to Japan.
However, the present study provides a new, highly resolved
methodology to estimate the wind energy potential of a region. The resulting number of turbines in the scenario with a
minimum of 4500 FLH amounts to 12,561 in the province of
Santa Cruz. The high cost share of the oversea ship transport
is compensated by the relatively low hydrogen generation
costs due to the high number of FLH. Hence, the economical
attractive wind conditions of Patagonia make this region an
interesting candidate for prospective hydrogen supply for
different, even remote demanding regions all over the globe.
The cost results of four different studies, investigating the
supply chain for intercontinental trading of liquid hydrogen is

shown in Fig. 8. In addition to that, the recent exchange price
for gasoline is shown for purposes of comparison.
A significant contribution with regard to international
hydrogen infrastructures was performed by Kamiya et al.
(Kawasaki Heavy Industries) [22] in 2014. By bringing hydrogen
from gasified Australian lignite to Japan via ship, Kamiya et al.
find cost results of 11.8 V-ct/kWh for the hydrogen in Japan.
Here the largest cost contributions come from the electrolysis
and the liquefaction. The study at hand makes use of the same
LH2 carrier that Kawasaki Heavy Industries developed. Since
Kamiya et al. assume Australian lignite to be the energy
source for the hydrogen, the electricity costs are significantly
lower than in this study. In contrast to this, the cost contribution by liquefaction is assumed to be five times higher than
in this study. While this study's assumptions are based on the
IdealHy study [52] with an liquefaction energy assumption of
6.78 kWh/kg, Kamiya et al. assume an energy demand of
11.125 kWh/kg for liquefaction purposes. Furthermore, this
study assumes a scaling factor for the investment costs of 0.66
(compare Table 1). However, electrolysis costs are rather
similar. Taking into consideration the lower shipping distance
and the associated lower cost, Kamiya et al. come up with
total LCOH of 11.8 V-ct/kWh. This value is mostly due to the
lower feedstock costs for lignite. As already mentioned in
chapter 1, a capturing rate of 100%, like assumed by Kamiya
et al., is neither technically nor economically reasonable. Even
though a 86% CO2 capturing rate of modern hydrogen plants
would be assumed [36], 14% of the total CO2 would still be
emitted. In the study by Kamiya et al. this would equal to
614,600 tons of CO2 per year. Thus, the relatively low levelized
costs of hydrogen have to be seen against the backdrop of still
occurring CO2 emissions.
According to Ishimoto et al. [40] who analyze the significance for CO2 free hydrogen for Japan in 2050, hydrogen is
assumed to show costs of 3.85 V/kgH2 (11.5 V-ct/kWh) in 2050.
Due to a different mix of primary energy sources, consisting of
lignite, natural gas, hydropower, wind power, and photovoltaics, hydrogen production from these sources is less cost-
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Fig. 7 e Overview over the LCOH contributions by each hydrogen supply chain element.

Fig. 8 e Comparison of H2 supply chain cost results.

intensive than producing it exclusively by wind energy.
However, Ishimoto et al. state that the “Hydrogen price increases especially after 2040 because the share of renewable
energy that is relatively high cost increases due to CO2 emissions constraints” [40]. In addition to that one has to keep in
mind that the mix of primary energy sources induces a certain
not negligible amount of GHG emissions due to the shares of
lignite and natural gas. Similar to the cost results by Kamiya
et al., the use of fossil fuels like lignite and natural gas leads to
lower feedstock costs on the one hand but inevitable GHG
emissions on the other.
Watanabe et al. [30] consider different scenarios for potential wind energy expansion in Santa Cruz in their 2010

study “Cost Estimation of Transported Hydrogen, Produced by
Overseas Wind Power Generations”. For a turbine type with a
capacity of 5 MW they find 12,100 to 15,500 possible production sites with an average number of FLH of 4300. This study
calculates a total annual electricity production of ~209 TWh in
Santa Cruz whereas Watanabe et al. show that around
260e333 TWh can be produced per year. This difference can be
explained by the conservative estimation of minimum FLH in
combination with a smaller turbine (3.5 MW) in this study.
In comparison to the recent Japanese gasoline exchange
price of 6.2 V-ct/kWh [77], this study's final LCOH results
appear to be cost-competitive with regard to fuel cells that can
be twice as efficient as conventional combustion engines.
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Taking into consideration the different efficiencies, the cost
benchmark for gasoline comes up to 12.4 V-ct/kWh (cf. Fig. 8).
At this point it must be recalled that the study at hand does
not consider domestic infrastructure costs in Japan neither for
hydrogen nor for gasoline distribution. However, it is expected
that the hydrogen distribution contributes higher specific
costs than gasoline distribution. For further information about
specific domestic infrastructure costs for hydrogen the authors refer to Reuß et al. [33] and Yang and Ogden [32]. Distribution costs for gasoline in Japan are discussed by
Yanagisawa [78] and the Petroleum Association of Japan [79].
With regard to the concept of providing Europe with Canadian hydropower in form of hydrogen, Gretz et al. [2] assume a hydropower and electrolysis capacity of 100 MW,
respectively, in the 100 MW Euro-Quebec-Hydro-Hydrogen
Pilot Project (EQHHPP). After liquefaction, storage, and transport the levelized costs of hydrogen amount to 23.3 V-ct/kWh.
Compared to this study's results on the left hand side of Fig. 8
the study of Gretz et al. does not give a more detailed insight in
their supply chain since only three supply chain elements are
assessed. Nevertheless, these three elements are the main
cost drivers in the study at hand as well. Domestic transport is
not considered in the EQHHPP.
Teichmann et al. [34] compared the options of transporting
renewable energy in form of gaseous, liquid and chemically
bound hydrogen (LOHC) from the North African states and
Iceland to the European continent. With regard to their liquid
hydrogen supply chain Teichmann et al. calculated cost contributions of 9.24 V-ct/kWh, 2.2 V-ct/kWh, and 2.93 V-ct/kWh
for hydrogen generation via electrolysis, liquefaction, and
ship transport, respectively. Mostly due to higher electricity
costs of 5 V-ct/kWh the total LCOH come up to 14.4 V-ct/kWh.
In addition to the analysis of technical feasibility and
economic viability, further criteria, namely the ecological
impact of diesel being the propulsion fuel for the hydrogen
tankers could be analyzed in a subsequent life-cycle assessment. As mentioned in chapter 3.4 the inevitable hydrogen
boil-off could be used as an emission free fuel for the propulsion. If additional hydrogen beyond that is consumed to
replace the diesel fuel entirely, the decrease in energetic efficiency of the supply chain also has to be considered in subsequent studies. Furthermore, an assessment of the ecological
impact of over 33,000 wind turbines on the environment in
Patagonia can be subject of an additional analysis.

Conclusion
The aim of the present study was to examine a potential
hydrogen trading link between Patagonia and Japan, based on
renewably produced hydrogen from wind energy. For this
purpose the wind energy potential of Patagonia was analyzed
in detail. Going beyond methods applied in related earlier
studies, this analysis combines geo-spatial information and
temporally resolved input data for the identification of suitable locations of the wind turbines. In addition to this, a
complete hydrogen supply chain from hydrogen production
via electrolysis to ship transportation of liquefied hydrogen
was investigated. The resulting levelized costs of hydrogen
were then put into the context of the relevant literature.
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The results of our investigation show that the costs of
making hydrogen available for use in Japan are consistent
with the considered literature references. Taking into
consideration the high average number of full-load hours
(FLH) with respect to different scenarios, the findings of this
study suggest that Patagonia's wind energy potential is sufficient to cover the prospective Japanese hydrogen demand.
Furthermore, the study shows that hydrogen generated in
scenarios with adequate FLH could already be costcompetitive to conventional gasoline in Japan. Thus, our results emphasize the technical and economic suitability of
wind-generated hydrogen as the linking element of the energy
and transportation sectors.
Further research should address large-scale hydrogen
storage alternatives, since in this study only liquid hydrogen
storage has been considered. A natural progression of this
work could be to analyze further hydrogen trading links for
purposes of comparison.
Apart from this techno-economic analysis an important
socio-political implication is that, if the premise of covering
the domestic electricity demand has first priority, such a
trading link would have to face the controversial discussion
between low domestic electricity costs or high hydrogen
export potential due to low hydrogen generation costs.
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