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ABSTRACT

Hydrogen production via steam methane reforming (SMR) dominates the supply to refining
complexes worldwide, resulting in significant greenhouse gas (GHG) emissions. There is a
considerable demand for clean hydrogen pathways that are economically competitive with
SMR. The development of a 563 MW integrated wind-hydrogen model with energy storage
is proposed. The model utilizes real-time wind energy data to ascertain the optimal size of
the electrolyser, the number of electrolyser units and the battery (energy storage) capacity
that will yield a minimum hydrogen production cost, whilst functioning in a liberalized
electricity market with dynamic prices. The optimal plant configuration consists of 81 units
of a 3496 kW (760 Nm?/hr) electrolyser and 360 MWh (60 units) of battery capacity. For the
minimum hydrogen production cost determined ($9.00//kg H,), the wind farm accounts for
63% of this cost. Hence, if existing wind farm assets are used, such that the investment cost
of building the wind-hydrogen plant does not include the wind farm costs, the hydrogen
production cost is reduced to $3.37/kg H,. For a particular electrolyser-battery configura-
tion, it was observed that the minimum hydrogen production cost occurs when their
respective capacity factors are approximately equivalent. The benefits of energy storage
are limited by the decrease in overall plant efficiency, which results from the use of the
battery. For the techno-economic conditions considered in this paper, hydrogen produc-
tion costs from wind powered electrolysis ($3.37 to $9.00/kg H,) are uncompetitive with
SMR/SMR-CCS ($1.87 to $2.60/kg H,).

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

regulations — most notably, sulphur content in fuels [2—4].
Additionally, heavier crude oil grades with higher sulphur and
nitrogen content are a growing portion of the global supply mix

The production of hydrogen via steam methane reforming
(SMR) in crude oil refining complexes is facing intense scrutiny
[1—4]. Aside from regulations on greenhouse gas (GHG) emis-
sions, the oil refining industry faces growing pressure to
comply with increasingly stringent non-GHG environmental

* Corresponding author. Tel.: +1 780 492 7797.
E-mail address: Amit.Kumar@ualberta.ca (A. Kumar).
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177

[2,4]. To facilitate compliance with fuel regulatory standards
via hydrogen intensive hydrotreating and hydrocracking pro-
cesses, the oil refining sector has experienced a formidable rise
in hydrogen demand [2,4].
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Abbreviations

AC Alternating Current

AESO  Alberta Electric System Operator
CCs Carbon Capture and Sequestration
DC Direct Current

DCF Discounted Cash Flow

FUNNEL Fundamental Engineering Principles Based
Model

GHG Greenhouse Gas

GW Gigawatt

IRR Internal Rate of Return
kW Kilowatt
kWh Kilowatt-hour

MW Megawatt

MWh  Megawatt-hour

NREL  National Renewable Energy Laboratory
OEM Original Equipment Manufacturing

O &M Operating and Maintenance

PEM Proton Exchange Membrane

HTE High Temperature Electrolysis

SCo Synthetic Crude Oil

SMR Steam Methane Reforming

In Alberta, Western Canada, the bitumen upgrading in-
dustry has a considerable hydrogen demand for the produc-
tion of synthetic crude oil (SCO); this need for hydrogen is
expected to amount to 3.1 million tonnes/year by 2023 [5].
Steam-methane reforming is the single most prevalent
pathway for hydrogen production; accounting of 48% of global
supply [6]. While SMR is economically attractive, it produces a
significant GHG emission footprint, i.e.,, in the range of
11,000—13,000 tonnes of CO, equivalent per tonne of hydrogen
produced (based on HHV of H,) [7—10]. Moreover, the industry-
wide dominance of SMR as the hydrogen production pathway
of choice creates significant economic exposure to natural gas
prices; which although relatively low in recent times, have a
history of significant price volatility (see Fig. 1). Hence, in an
increasingly GHG constrained energy market where economic
competitiveness is increasingly coupled to environmental
stewardship and the social license to operate, an alternative
environmentally benign H, pathway, which remains
economically palatable, is desired in the bitumen upgrading
industry.

Wind powered electrolytic (via water electrolysis)
hydrogen production is considered to incur the lowest life-
cycle GHG emissions of all hydrogen pathways, amongst a
number of authors [8,9,11,12]. Furthermore, in the context of
renewable energy pathways, with the exception of hydro-
power, wind energy has the lowest levelized cost of electricity
($/kWh) in most jurisdictions around the world [13—15]. Thus,
a promising opportunity exists for cost-efficient, environ-
mental benign, hydrogen production and GHG mitigation with
this pathway. In Alberta, wind energy has an estimated
generating potential of about 64 GW [16]. As of 2014, wind
power accounted for about 9% of the electricity generation
capacity of the province [17]; with coal power serving as the
dominant base load electricity supply. In order to evaluate the

techno-economic prospects of large scale wind-hydrogen
production in Alberta, the installed wind energy capacity as
of 2009 (563 MW) is utilized for electrolytic hydrogen produc-
tion in this paper. This is to say that the hydrogen production
costs determined in this paper are specific to a wind energy
capacity of 563 MW, unless otherwise specified.

Previous studies that address hydrogen production from
renewable and non-renewable studies in Alberta have been
conducted [6,7,18—26]; in particular, Olateju, Monds & Kumar
(2014) [6] as well as Olateju & Kumar (2011) [25], have
addressed grid-connected wind-hydrogen systems at small
and large plant scales. However, to the knowledge of the au-
thors, no previous studies have addressed wind-hydrogen
systems with the use of energy storage (battery energy stor-
age) to ascertain the optimal plant configuration (minimum H,
cost) for a given capacity of wind energy. More generally, the
existing research regarding the techno-economic assessment
of wind-hydrogen systems is quite extensive; with a multi-
tude of modelling approaches, implicit and explicit assump-
tions and limitations therein. This paper aims to improve
upon the limitations associated with the seemingly normative
techno-economic modelling frameworks, widely adopted in
the pertinent literature. Some of these modelling trends and
their associated drawbacks are highlighted in the subsequent
paragraphs vis-a-vis the methodology incorporated in this
paper.

From an economic standpoint, the assessment of grid
connected wind-hydrogen systems in existing studies often
involves hydrogen production costs being ascertained using
fixed/average electricity prices [25,27—30]. This modelling
paradigm does not account for the dynamic pricing environ-
ment which is indicative of the increasingly liberalized elec-
tricity markets across the globe [31,32]. As such, the hydrogen
production cost estimates that result can be limited in accu-
racy. The dynamic pricing environment facilitates opportu-
nities to take advantage of peak/premium electricity prices;
owing to the electricity price differential that exists, depend-
ing on the time of day (see Fig. 2). Premium electricity prices
provide an opportunity to enhance the competiveness of
wind-hydrogen systems. To take advantage of these prices
however, dynamic energy storage is required. In this study,
batteries (electrical energy storage) are used to realize differ-
ential pricing opportunities on the electrical grid, as opposed
to a hydrogen storage'—fuel cell pathway utilized in previous
research [27,33—-36]. The use of hydrogen-fuel cell configura-
tions incur a significant cost, and more importantly, a low
round trip efficiency of about 25—30% [27,33—36]; this limits
the added competitive advantage that can be harnessed from
price differentials in a liberalized electricity market.

A common norm in the modelling of wind-hydrogen sys-
tems is the direct coupling of the electrolyser unit to the wind
turbine, without intermediate energy storage
[6,25,30,33,34,37,38]. By doing this, authors make the implicit
assumption that the electrolyser units will perform at their

! In this paper, hydrogen demand variations are assumed to be
negligible, hence, hydrogen storage when necessary, is facilitated
through the use of a pipeline (see Section Wind-Hydrogen Plant
Description); this is in line with the options for hydrogen stor-
age highlighted in previous studies [15,88].
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Fig. 1 — Historical natural gas price in Alberta 1997—-2013 [45].
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Fig. 2 — Alberta annual hourly average electricity (grid pool) price — 2009 [46].

nominal efficiencies, despite the perturbed and often tran-
sient nature of the power input — this is particularly pertinent
to alkaline electrolysers [6,25,30,33,34,37,38|; other authors
assumed a lower efficiency based on the intermittent nature
of wind energy [6,20] — however, there is a degree of uncer-
tainty with the efficiency value assumed. In practice, the
variability of the wind energy input has an adverse effect on
the nominal efficiency of the electrolyser as well as its oper-
ating life [30,39]. Therefore, without energy storage to
smoothen the erratic profile of the wind energy input and
dispense this energy in a more uniform fashion to the elec-
trolyser, hydrogen production has a likelihood of being over-
estimated, with costs under-estimated. With this in mind,
the wind-hydrogen model developed here addresses this

issue, while providing a framework for the optimal sizing of
the battery capacity (i.e. the capacity that yields a minimum
H, cost) for a given electrolyser size.

Another pervasive modelling approach in the existing
literature is the characterization of the wind variability, via
the use of statistical methods, most notably, a Weibull prob-
ability density function - to estimate energy, and conse-
quently, hydrogen production [25,34,37,38,40—42]. While the
efficacy of the Weibull function in resolving the variability of
the wind speed is not disputed, a certain degree of error is
inherentin the estimation of the probability of occurrence of a
given wind speed magnitude. This in turn, hinders the accu-
racy of the energy production estimates. Moreover, the Wei-
bull function is limited in its ability to accurately resolve
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bimodal or multimodal wind distributions which arise from
unique climatic conditions [43,44]. The model developed in
this paper utilizes real time hourly wind energy generation
data, thus its accuracy is not hindered by the limitations of the
Weibull function.

Considering the foregoing, the principal objectives/contri-
butions of this paper are as follows:

e The development of an integrated grid-connected wind-H,
techno-economic model with energy storage, for the pro-
duction of renewable hydrogen and estimation of costs, in
a liberalized electricity market with dynamic prices.

The development of an energy management algorithm for
wind-H, plants with energy storage, which is a function of
the wind turbine energy yield, hourly wholesale electricity
price (pool price), electrolyser and battery performance
specifications.

The development of a techno-economic framework for the
determination of the optimal electrolyser size, number of
electrolyser units and energy storage capacity, which
yields a minimum hydrogen production cost, for wind-
hydrogen systems with energy storage.

The model has been developed such that its inputs are not
constrained to a particular jurisdiction. For instance, variables
that can be readily adjusted to suit various jurisdictional
contexts (e.g. peak electricity price hours and the wind energy
generation profile) are used in the model. In this paper,
Alberta serves as the case study of choice; with the hydrogen
produced being ‘customized’ to service the bitumen upgrad-
ing industry. There is a scarcity of integrated wind-hydrogen
models which consider the full supply chain of hydrogen
from production to delivery, whilst incorporating the model-
ling features aforementioned. By circumventing the limita-
tions associated with previous modelling approaches, the
hydrogen production cost estimates provided by the model in
this article are more indicative of ‘real’ costs. The subsequent
sections of this article are structured as follows: Section
Methodology and Scope highlights the methodology and
scope of the article; cost estimation is discussed in Section
Cost Estimation; finally, results and discussion along with
conclusions are presented in Section Results and Discussion
and Section Conclusion, respectively. All costs indicated in
this article are in 2014 Canadian dollars” unless otherwise
specified.

Methodology and scope
Site selection and energy logistics

The wind energy generation potential is underpinned by
the resource quality (mainly governed by the wind speed)
and availability in a particular jurisdiction. For a given
jurisdiction, the ideal site is such that the location of the

2 Where necessary, an inflation rate of 2% has been used to
convert all costs into 2014 $CAD. Furthermore, currency rates of
$1CAD = $1US; $1.3CAD = €1; $1.6CAD = £1 are adopted in this

paper.

wind resource and end-use hydrogen demand are coinci-
dent — this will increase the cost competitiveness of the
plant. In the Alberta context, as shown in Table 1, as of
2009, the wind generation capacity of the province
amounted to 563 MW [47,48]. Alberta's wind energy
endowment is located in the southern region of the prov-
ince, as indicated by the wind farm development in this
area (see Fig. 3) [6]. For the plant proposed in this study,
the “energy from the network of wind farms is channelled
via the existing transmission line system to the Summer-
view 1 wind farm in Pincher Creek; where the electrolyser
farm is located for hydrogen production. Pincher Creek
serves as the site for the electrolyser farm due to the high
density of wind farms in this area relative to other regions
in Southern Alberta (see Fig. 3), as well as for comparative
reasons with previous studies [6,25]. Furthermore, the na-
ture of the energy logistics pertaining to the plant, facili-
tates an enhanced capacity factor of the electrolyser farm -
due to the geographically dispersed nature of the wind farm
network on a localised level. This is considered to be a more
efficient and pragmatic alternative to the option of having
electrolyser farms situated at each wind farm location,
where the capacity factor of the electrolysers are inhibited
by the fact that they are constrained to the energy yield of a
single wind farm as opposed to a broader localised network
of wind farms.

Wind-hydrogen plant description

The FUNNEL — COST — H2 — WIND (FUNdamental eNgi-
neering principlEs-based model for COST estimation of
hydrogen (H,) from WIND) plant model proposed in this
paper, has a capacity of 563 MW which corresponds to the
installed grid connected capacity in Alberta as of 2009 (see
Fig. 4). The plant has eight unique operating modes which
are described in Table 2. A control unit is employed in the
plant to govern its energy management, using a robust al-
gorithm that determines its operational mode for any given
hour of the year (see Section Integrated Techno-Economic
Model Development for further details). In addition, a
rectifier and a buck converter are used for AC/DC conver-
sion, depending on the operational mode of the plant. This is
because, due to the energy from the wind farms being of a
high voltage, after the rectifier has converted the energy
from AC to DC, the buck converter steps down the high
voltage DC to a lower voltage suitable for the battery/elec-
trolyser units. A battery is used to smoothen the energy
derived from wind, and feed the electrolyser unit with the
energy requisite for hydrogen production. Alternatively, the
battery is simply used for energy storage when required.
Once hydrogen is produced, a compressor is then used to
elevate its pressure so as to facilitate pipeline transportation
(it is important to point out that the energy for compression
is derived from the electrical grid and thus, constitutes a
source of operational GHG emissions; the degree to which is
governed by the emissions intensity of the grid). In turn, the
pipeline transports the hydrogen produced to the bitumen
upgrader for consumption.
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Table 1 — Grid-connected wind farm generation capacity in Alberta as of 2009 [47,48].

Wind farm Period of installation to 2009 year end # of wind Wind turbine rated power Wind farm capacity
name capacity turbines (kW) (MW)
Blue Trail Wind 2009 22 3000 66
Castle River #1 1997-2001 59 660 40
Cowley Ridge 1993-2001 57 375 38
15 1300
Enmax Taber 2007 37 2200 81
Kettles Hill 2006—2007 35 1800 63
McBride Lake 2001—2003 115 660 75
Soderglen Wind 2006 47 1500 68
Summerview 1 2002—2004 38 1800 68
Suncor Chin 2006 20 1500 30
Chute
Suncor Magrath 2004 20 1500 30
Taylor Wind 2004 9 375 4
Farm
TOTAL 563
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Fig. 3 — Geographical depiction of grid-connected wind farm locations in Alberta (2009) — Reproduced with permission from
Olateju, Monds and Kumar (2014) [6]. ®Elsevier B.V.

Battery selection batteries along with other energy storage technologies can be
found in literature [49—51].
A summary of the salient characteristics of each battery type Lead-acid batteries are the most technologically mature

is presented below; however, a comprehensive review of and most widely used battery type [33,50,51]. The principal
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Fig. 4 — Conceptual schematic of the wind-hydrogen plant.

merits associated with these batteries are their inexpensive
capital cost ($50—310/kWh), and relatively high roundtrip ef-
ficiency (75-80%) [50,51]. However, lead-acid batteries,
depending on the depth of charge, have short cycle lives in the
range of 200—1800 full equivalent cycles [50,51] — this stems
from parasitic reactions such as positive plate corrosion along
with the formation of lead sulphate instead of lead oxide
(which occurs during normal operation) [52]. This is likely to
result in significant replacement/maintenance costs over the
wind-hydrogen plant's lifetime. Discharging constraints are
associated with this battery type; their state of charge cannot
be lower than 40% of their capacity [33]. Consequently, for the
application of interest, this battery is prone to underutiliza-
tion, which inhibits the battery capacity factor, resulting in
cost inefficiencies. The battery capacity factor is defined in
this study as the ratio of the energy supplied to the battery,
and its maximum energy capacity, over an annual period
(Supplementary section).

Nickel-cadium batteries are of two types, sealed and un-
sealed [50,51]. The sealed type is usually for everyday small-
scale applications such as remote devices, lamps etc; hence,
this type will not be discussed further. The unsealed type is
used for large scale applications where weight and volume are

important design constraints, a prime example being aviation
[50]. Unlike their lead-acid counterparts, nickel-cadium bat-
teries can be fully discharged, negating the need for a mini-
mum state of charge [33]. That said, they incur considerably
higher capital cost ($400—2400/kWh) in comparison to lead-
acid batteries and also require periodic venting and water
addition during charging, as a result of oxygen and hydrogen
formation at the electrodes [50|. Furthermore they have a
lower round trip efficiency of 60—72% in comparison to lead-
acid batteries [50,51]. More importantly, they are considered
ineffective for peak shaving and energy management appli-
cations, and the toxicity associated with cadium is another
concern [50].

Sodium-sulphur batteries are only second to lead-acid
batteries with regards to cost effectiveness, with capital
costs in the range of ($180—500/kWh) [49—51,53,54]. They have
long cycle lives of up to 20,000 cycles depending on the depth
of charge, as well as zero self-discharge [33,51]. They have no
minimum state of charge and can be fully discharged [55].
Furthermore, they have a relatively high efficiency of 75-92%
and are considered particularly adept for large scale utility
energy storage applications [50,51,56,57]. Apart from this, they
are especially suitable for economical energy management
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Table 2 — Wind-hydrogen plant — modes of operation.

Operational mode

Description

Comments

Mode A
Mode B

Mode C

Mode D

Mode E

Mode F

Mode G

Mode H

Hydrogen production only.
Hydrogen production with energy storage.

Hydrogen production with premium electricity sales.

Hydrogen production with non-premium electricity sales.

Electricity is sold to the grid only.

Energy storage only.

Energy storage occurs in addition to the use of the grid as a dump load.

Plant lull.

The aggregate® amount of energy available to the plant is sufficient for hydrogen production only.
The excess energy available is stored in the battery due to the unavailability of premium (peak)
electricity prices.

The excess energy available is sold to the grid due to the availability of premium electricity prices.

This occurs when the battery capacity is undersized relative to the surplus energy that needs to be

stored. Hydrogen is produced with the use of the grid as a dump-load for any surplus amount of energy.

Here, grid sales occur irrespective of the pool price®.

This occurs for the following operating conditions:

a) When the aggregate amount of energy in the plant does not meet the minimum charging threshold
for the battery.

b) When the aggregate amount of energy surpasses the minimum threshold for battery charging,
however, the energy falls short of the minimum electrolyser energy requirement for H, production,
and premium electricity prices are available on the grid.

c) When the aggregate energy in the plant surpasses the battery capacity and the maximum energy
that can be supplied by the battery does not meet the electrolyser minimum energy demand, along
with premium prices being available on the grid.

This occurs when the aggregate energy surpasses the threshold for battery charging, however, the

energy falls short of the minimum electrolyser energy requirement for H, production, and premium

electricity prices are not available on the grid.

This occurs when the aggregate energy in the plant surpasses the battery capacity and the maximum

energy that can be supplied by the battery does not meet the electrolyser minimum energy demand.

Here, grid sales occur irrespective of the pool price.

@ This is refers to the sum of the average energy produced by the wind turbine for a particular hour, and the energy contained in the battery for the same hour.
® This is the term used to refer to the hourly wholesale electricity price in Alberta's liberalized electricity market.
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applications including: load levelling, power quality, peak
shaving as well as renewable energy management and inte-
gration [33,49—-51]. The principal drawback of sodium-sulphur
batteries is their requirement for high temperature operation
(300—350 °C for optimal battery performance) and thermal
management [33,49—51]. Notwithstanding, some authors are
of the contention that once Na-S batteries are running, the
heat produced by charging and discharging cycles is sufficient
to maintain operating temperatures and typically no external
source is required [56,57].

Taking the characteristics of the different battery types
into consideration, sodium-sulphur batteries are adopted for
the wind-hydrogen plant proposed. This is mainly due to their
suitability for large scale energy storage and energy manage-
ment applications, their inexpensive capital cost and high
flexibility of charging/discharging depth. The superior per-
formance of Na-S batteries is evidenced by their widespread
application for large scale wind energy installations across the
globe [50]. The specification of the sodium sulphur battery unit
utilized in this study is provided in Table 3.

Electrolyser selection

The current electrolyser (electrolysis) technologies that
dominate the pertinent literature can be sub-divided into
three main classes, namely: alkaline electrolysers, proton
exchange membrane (PEM) electrolysers, and high tempera-
ture electrolysers (HTE) [25]. Relative to other electrolytic op-
tions, alkaline electrolysers are adopted in this study as a
result of their superior technological maturity, large scale
hydrogen flow rates, and relatively inexpensive capital cost
[25]. For a more detailed examination of the aforementioned
electrolyser pathways, the reader is referred to the work by
Olateju & Kumar [25].

Electrolyser modelling

Previous studies have presented ‘element-level” electrolyser
models, where the authors have characterized the operating
voltage of the electrolyser as a function of its operating tem-
perature, current density and characteristic over-potentials
(which are also temperature dependent), via a hybrid of
electro-chemical and thermodynamic relations [41,59,60].
This modelling paradigm allows for a more robust and

dynamic resolution of the electrolyser nominal efficiency,
facilitating a more precise simulation of hydrogen yield from a
given electrolyser. However, these aforementioned models
are predicated upon empirical equations; the coefficients of
which have to be ascertained for particular electrolyser via
experiments [59,60]. As such, the models cannot be readily
generalized; limiting their utility in contexts where a broad
number of electrolyser models/capacities and number of units
need to be evaluated as part of an integrated energy system.
Moreover, some authors have compared these element-level
models to those where the nominal efficiency of the electro-
lyser is assumed to be independent of temperature — the
difference in hydrogen yields were in the order of 3% [59].

With this in mind, in this paper, a systems-level approach
is implemented in the modelling of the performance of the
electrolyser, based on its salient characteristics and the en-
ergy input from the battery (which ultimately emanates from
the wind turbine). This study assumes that the nominal effi-
ciency of the electrolyser does not change materially during
its operation, due to the role of the battery, which delivers a
power supply with significantly reduced perturbation - in
other words, the electrolyser operates at the constant, nomi-
nal current density. In essence, the framework adopted in this
paper facilitates modelling flexibility and generalization,
without compromising on the accuracy of hydrogen yield (vis-
a-vis element level models).

A total of six different electrolyser sizes were considered in
this study, the performance specifications of each electrolyser
are outlined in Table 4. It is worth pointing out that the min-
imum electrolyser power requirement for all electrolysers has
been determined based on a proportional relationship be-
tween the maximum flow rate and maximum power demand
(rated power) of the electrolyser as shown in Eq. (1) [6]. The
rationale behind this approach is the fact that the minimum
operating threshold for electrolysers varies widely in the
literature; ranging from 5 to 50% of their rated power [61,62],
depending on the scale and manufacturer of the unit. Thus,
for reasons of consistency, this methodology has been
adopted.

As opposed to the operation of the electrolyser at 73% of its
nominal efficiency in previous studies by the authors [6,25],
the nominal efficiency of the electrolyser is assumed to be
maintained in this study (see Table 4), due to the role of the
battery (as explained previously); the sodium sulphur battery

Table 3 — Sodium-sulphur battery specification.

Parameter Value Sources/Comments

Manufacturer NGK Insulators ltd. [58]

Energy rating (MWh) 6 [58]. A minimum energy threshold of 5% rated capacity was adopted in this
study. This was done to limit the adverse effect of deep depths of discharge
on the battery's operating life.

Power rating (MW) 1 [58]

DC Efficiency (%) 85 [58]

Operating Temperature (°C) 300—-350 [58]. Operating temperature is assumed to be maintained by heat evolution

during charging and discharging cycles; no external heat source required
[56,57].

Nominal operating life (yrs) 15

[58]. The nominal life corresponds to 300 charge—discharge cycles per year

at full rated energy capacity (4500 total cycles). As a conservative estimate,
a service life of 10 yrs has been assumed in this study.
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Table 4 — Electrolyser size range [63,64].

Electrolyser manufacturer/ Min. H, flow  Max. H, flow Energy Nominal Size H, H,
model rate (Nm®/hr) rate (Nm*/hr)  requirement efficiency (HHV) (kW) pressure purity
(kWh/Nm?) (%) (bar) (%)

Norsk Hydro Atmospheric Type 0* 50 4.8° 72.4 240 1 99.9 +£ 0.1
No. 5010 (5150 Amp DC) [63]

Norsk Hydro Atmospheric Type 50 150 4.8° 72.4 720 1 99.9 + 0.1
No. 5020 (5150 Amp DC) [63]

Norsk Hydro Atmospheric Type 150 300 4.8° 72.4 1440 1 99.9 +£ 0.1
No. 5030 (5150 Amp DC) [63]

Norsk Hydro Atmospheric Type 300 377 4.8° 72.4 1810 1 99.9 +£ 0.1
No. 5040 (4000 Amp DC) [63]

Norsk Hydro Atmospheric Type 300 485 48" 72.4 2328 1 99.9 £ 0.1
No. 5040 (5150 Amp DC) [63]

Industrie Haute Technologie (IHT) 190 760 4.9<sup>b,c</sup> 70.8 3496 30 99.9 +£ 0.1

Type S-556 [64]

2 A minimum flow rate of 1INm?/hr was utilized in this study.

® Indicates the hydrogen production systems level energy requirement specified by the manufacturer [63].

¢ Average value of the energy requirement range (4.6—5.2 kWh/Nm?) indicated.

4 The nominal efficiency defined here is the ratio of the ideal energy consumption for water electrolysis (39 kWh/kg H,) to the nominal energy
consumption per unit of hydrogen produced for each electrolyser (at its rated power).

charge/discharge efficiency is assumed to be 85%; the rectifier
and compressor efficiency have been taken as 95% and 70%
respectively.

(EFmin X EPmax)
(n X EFmax)

where: 5 represents the combined efficiency of the rectifier
and battery; EF,n and EF,. represent the electrolyser
maximum and minimum flow rates, respectively. EPq, rep-
resents the electrolyser rated power.

EPpin = (1)

Integrated techno-economic model development

The FUNNEL — COST — H2 — WIND model utilized in this
article was developed using MATLAB [65]. An integral part of
the model is an energy management algorithm which con-
siders the hourly average energy generated from wind, the
hourly price (grid pool price) of electricity and the salient
characteristics of the battery and electrolyser units (see Tables
3 and 4), to determine the operational mode of the plant for
each hour in the year. The hourly average energy generated
from wind and the hourly grid pool price of electricity, for the
year 2009, were provided by the Alberta Electric System
Operator AESO [46]. It is important to stress that other com-
ponents of the plant including the pipeline and compressor,
are sized in accordance with the performance of the electro-
lyser and battery units being evaluated by the model. The
model aims to determine the plant configuration (i.e. the
electrolyser size, number of electrolyser units and number of
batteries) that will yield a minimum hydrogen production
cost.

As shown in Fig. 5, the energy management algorithm uses
the hourly wind generation data and the economic charac-
teristics of the grid in terms of daily peak and off-peak prices
(see Fig. 2), to ascertain three principal variables of interest:
the hourly amount of hydrogen production, electricity sales to
the grid, and energy storage, for each plant configuration

being evaluated. Each case is run for a duration of 8760 h so as
to ascertain the corresponding annual values. Once these
principal variables have been deduced along with other per-
formance metrics, such as the electrolyser and battery ca-
pacity factors, auxiliary plant components are sized
accordingly. Additionally, cost data including capital, labour,
operating and maintenance costs associated with all plant
components are utilized in a discounted cash flow (DCF)
model. The DCF model allows for the determination of the
hydrogen production cost. This process is repeated for all the
plant configurations under consideration; i.e. for all the elec-
trolyser sizes and number of units, as well as the number of
battery units, for the determination of the optimal plant set
up. The hydrogen production cost ($/kg) is the sole variable
used to determine the optimal configuration, and an error
margin of $0.01/kg H, is incorporated in the algorithm to halt/
proceed with iterations after successive values of the pro-
duction cost have been compared.

Determination of optimal H, cost

To appreciate the determination of the optimal H, cost in the
plant, the relative sizing of the wind farm capacity and the
electrolyser farm must be addressed. For a grid connected
wind-hydrogen plant such as the one proposed in this paper,
the electrolyser capacity (MW) must be undersized relative to
the capacity of the wind farm (MW), for a competitive
hydrogen production cost to be realized [28,39]. This is
because the undersized electrolyser operates at a higher ca-
pacity factor relative to that of the wind farm (the capacity
factor of the wind farm used in the model is 30%). Thus, in this
paper, the optimal electrolyser capacity (MW) for the fixed
wind farm capacity of 563 MW, is assumed to exist between 1
and 563 MW. The model developed ‘surveys’ this solution
space using 6 different electrolyser sizes (see Table 4) and
number of units. For a particular electrolyser size, the number
of units is varied incrementally in the model, using interval
sizes, to traverse the lower and upper limits of the ‘global’
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Fig. 5 — Techno-economic modelling framework.

solution space (i.e. an electrolyser farm capacity of
1-563 MW). As illustrated in Fig. 5, using an iterative process,
the initial optimal electrolyser size is used to update the limits
of the solution space, making it more localized to the region of
the initial optimum. The interval size is also updated
accordingly. This process continues until the difference be-
tween successive hydrogen production costs is less or equal to
$0.01/kg H,.

To the knowledge of the authors there is no established
paradigm for the optimal sizing of a battery (energy storage)
relative to an electrolyser unit, in the context of wind-
hydrogen systems. In this paper, the optimal sizing of the
battery is carried out in tandem with the electrolyser. As in the

case of the electrolyser, the number of battery units is varied
incrementally using an interval size within a defined range
(solution space). The power rating of the battery (each battery
unit has a maximum power rating of 1 MW and energy ca-
pacity of 6 MWh — see Table 3) was used to define the solution
space, and varied from 1 MW to 563 MW to conform to the
electrolyser solution space. However, based on the hydrogen
production costs yielded, the maximum of this range was
adjusted to 100 MW/600 MWh (for the electrolyser farm sizes
considered; H, costs were observed to escalate significantly
beyond a battery capacity 100 MW/600 MWh). As in the case of
the electrolyser, the initial optimal battery size is used to
‘localize’ the solution space and update the interval size. This
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process continues until the difference between successive
hydrogen production costs is less or equal to $0.01/kg H,.
Section Driving Factors for Electrolyser & Battery Sizing elab-
orates upon the driving factors that govern the size of the
battery relative to an electrolyser.

Cost estimation
Electrolyser capital cost

An electrolyser capital cost model developed by Olateju &
Kumar [25] (see Fig. 6), which is based on data obtained from
pertinent literature and industrial experts, was utilized in the
techno-economic model. Furthermore, it is worth pointing out
that although the current study involves the capital cost
estimation of a significant number of electrolyser units with
varying sizes, which will likely facilitate volume discounts
along with cost/labour efficiencies, this is not factored into the
model. A conservative approach is adopted in this paper,
where none of the aforementioned efficiencies are realized. It
is worth mentioning that the electrolyser capital cost model is
specific to alkaline electrolysers and indicative of the state of
the technology as of the early 2000s, not the state of the art.
This is as a result of the limited availability of data. Specific
capital cost data is considered proprietary by a number of
electrolyser manufacturers. Nonetheless, the estimates pro-
vided by the model are within reason.

Wind turbine capital cost and auxiliary units costs

The wind turbine capital cost is afforded particular exami-
nation in this article, due to the capital intensive nature of
wind power and its significant impact on the cost of electricity
produced — which fuels electrolytic hydrogen production. The
wind turbine itself accounts for about 64—84% of the installed
capital costs incurred [66—70]. However, the wind turbine
capital cost values provided in literature lack consensus and
vary widely across jurisdictions and temporal standpoints;
thus introducing a degree of uncertainty in the estimation of

Electrolyser Capital
Cost ($/kw)

wind-hydrogen production costs. For instance, installed cap-
ital costs in the United States ranged between $1400 - $2900/
kW as of 2011; the corresponding range for developed econo-
mies is between $1700 — $2150/kW; while for China this value
is estimated to be $1300/kW [69,70]. Furthermore, in the period
spanning 2001—-2004, the average installed capital cost in the
United States was $1300/kW [70]. Thus, it becomes evident
that capital cost estimates need to be specific with respect to
the market year and jurisdiction they pertain to. With this in
mind, an elucidation of the influential factors that govern the
turbine's capital cost is duly warranted. In this light, the dis-
cussion given here is intended to provide context and insight
into the underlying determining factors — thereby providing
useful caveats for the capital cost estimate utilized in the
model.

From the 1980s to the early 2000s, wind turbine capital
costs experienced a dramatic decline; costs fell by more than
65% in the United States, with Denmark experiencing a 55%
decrease [68]. However, in the United States, by the mid-2000s,
installed capital costs had risen to about $2000/kW [70]. A
number of drivers were behind the evolving nature of wind
turbine capital costs over time and space.

Firstly, in the early 2000s, the demand and supply dy-
namics in the global wind energy market was in a state of
excess-supply, with the demand forecasts by the industry
being over-exaggerated [66]. However, in the period between
2005 and 2008, demand for wind turbines grew considerably,
by over 30% on an annual basis, creating a situation of excess-
demand in the market which translated into elevated prices
[66]. In concert with the shift from excess-supply to excess-
demand, raw material prices, most notably, steel and copper
(see Fig. 7), rose significantly over the same period — exerting
additional upward pressure on prices [66,67,70]. Other raw
material price increases included: lead (367%); aluminum
(67%); and acrylonitrile (a raw material for the production of
carbon fiber) (48%) [67]. Furthermore, the increased scale,
complexity and sophistication of turbine design and their
resulting components contributed to price increases [68]. That
being said, there was one notable exception to this trend of
commodity price volatility leading to considerable increases

Electrolyser Capital Cost
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Fig. 6 — Electrolyser capital cost model [25].
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Fig. 7 — Wind turbine commodities price history (United States) — steel, copper and cement [72].

in the installed capital costs for wind energy projects. In the
mid-2000s, China remained relatively insulated from these
aforementioned market trends with wind turbine capital costs
maintaining a level in the range of $1100—$1500/kW; owing to
the development of a formidable original equipment
manufacturing (OEM) base and the availability of labour at a
relatively low cost [68].

In more recent times, it is important to highlight the fact
that a reversing trend in wind turbine capital cost has been
occurring since 2009—2010 [68,71]. Increased competition
between turbine manufacturers, increased manufacturing
capacity and lower commodity prices have contributed to
this downward trend [71]. In Denmark, capital costs
decreased by 22% between 2009 and 2010, with an 8%
reduction being observed for Europe as a single entity from
2007 to 2010 [68].

Wind turbine capital cost — economies of scale

In the existing literature, wind-hydrogen models seldom
consider the economies of scale that pertain to wind turbines
in an explicit fashion. The capital costs utilized are often
generic and not specific to a particular wind turbine size
[6,15,28,38,39]. The resolution of the economies of scale and its
utilization in wind-hydrogen models will translate into
improved (realistic) hydrogen cost estimates. A wind turbine
(installed) capital cost model was developed for this research,
and is illustrated in Fig. 8. Fig. 8 illustrates that smaller wind
turbines have a higher specific capital cost ($/kW); the specific
capital cost decreases considerably for larger turbine sizes. For
a wind-turbine size greater than 1.5 MW, the economies of
scale become relatively miniscule and the cost begins to in-
crease gradually for units in the region of 3 MW or higher. It is
worth mentioning that units greater than 3 MW are likely to be
used offshore; this paper focuses on onshore wind turbines. In
order to address some of the specificities of the Albertan
economic context, such as higher transportation and labour
costs, capital and labour costs are increased by a factor of 1.25.
This value is lower in comparison to the magnitude utilized by

the authors for a fossil fuel based hydrogen plant [24]. This is
to reflect the reduced construction lead time, which can be in
the order of months for wind farms as opposed to years for
fossil fuel hydrogen plants. Furthermore, the construction of
the wind-hydrogen plant is expected to be less labour inten-
sive in comparison to the fossil fuel plant. For comparative
purposes, the results yielded by the model were compared to
the estimates provided by the United States National Renew-
able Energy Laboratory (NREL) [73]; the capital cost estimate
for a 1.91 MW wind turbine was 19% higher than the NREL
estimate which, broadly speaking, is indicative of the elevated
capital costs in Canada relative to the United States.

Due to the scale of the wind turbine units being consid-
ered in the model and the significant impact they have on
capital cost expenditure, volume discounts are also taken
into consideration. The volume discount model adopted in
this article (see Eqg. (2)) is based on the work carried out by
Mosetti et al. [74], with adjustments made to suit the
magnitude of units being considered. The maximum vol-
ume discount achievable in the model amounts to one-
third. For the plant size of 563 MW, six different wind tur-
bine sizes were considered, with the developed capital costs
for each turbine size given in Table 5. The 2.5 MW turbine
had the lowest specific installed capital cost, hence it was
utilized as the hypothetical turbine for the plant. It is
important to stress that the selection of the 2.5 MW turbine
is a real selection in economic terms but hypothetical in
energy terms. This is because the real time energy genera-
tion data (along with the capacity factor) for the year 2009 is
the energy input utilized in the model - this energy is
generated from various wind turbine sizes as illustrated in
Table 1. The rationale behind the consideration of different
turbine sizes is to ascertain a minimum capital cost in-
vestment for the wind turbines used in the plant. With
regards to the energy generated by the 2.5 MW turbine units,
the assumption is that they will yield the same aggregate
capacity factor of 30%, as is the case with the real time
energy data.


http://dx.doi.org/10.1016/j.ijhydene.2016.03.177
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 8755—-8776

8767

Wind Turbine Capital Cost Model
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Fig. 8 — Wind turbine capital cost model. Notes: A total of 63 data points were utilized in the model, with data sourced from

literature [69,73,79—83].

Table 5 — Wind turbine capital cost.

Wind farm Wind Wind turbine capital Number of Volume Total installed capital Total installed capital
size (MW) turbine (kW) cost ($/kW) units discount cost ($M) cost ($/kW)
563 500 3864 1126 0.67 1813 3220
1000 2749 563 0.68 1317 2339
1500 2066 376 0.75 1089 1934
2000 1701 282 0.82 980 1741
2500 1558 226 0.87 954 1694
3000 1553 188 0.90 986 1752
The diameter of the pipeline was ascertained with the use of
Volume Discount = N x (2/3+1/3670A00001mz> @) the Panhandle — B equation [85]. In this regard, a reverse

where: N is the number of wind turbine units.

With regards to auxiliary plant costs, Table 6 also provides
the O&M costs, as well as costs and service lives pertaining to
auxiliary plant equipment and power electronics. Focussing
on auxiliary plant costs, it is important to highlight the fact
that the cost of purification of the feed water (via reverse
osmosis) for the electrolysers, is miniature compared to the
cooling water cost [25]. As a result, the latter has been
assumed to account for the cost of purification.

Hydrogen pipeline costs

Hydrogen pipeline characterisation

For a hydrogen production flow rate that surpasses 2400 kg/
day, pipeline transport of the hydrogen produced is regar-
ded as the most cost efficient means of delivery to market
[18,84]. Taking into account the large scale flow rate of the
plant, for each plant configuration evaluated in the model,
the characterization of the appropriate pipeline dimensions
are warranted. The characterization of the hydrogen pipe-
line required the determination of two principal pipeline
parameters, i.e., the pipeline diameter and pipeline length.

engineering approach was used to ascertain the diameter
requisite for a given hydrogen flow rate. On the other hand,
the pipeline distance from the electrolyser farm in Pincher
Creek to the bitumen upgrader in the industrial complex in
Edmonton, was estimated to be 450 km [25]. This estimate
stems from the driving distance between these two loca-
tions; however, depending on the logistics of demand, the
distance of hydrogen delivery can vary considerably.

Hydrogen pipeline capital cost

A pipeline capital cost model developed by previous authors is
adopted in this paper [84]. In addition, the capital cost esti-
mate yielded by this model has been benchmarked against
two other similar models provided by Johnson & Ogden [86] as
well as Parker [87]. The difference in the resulting estimates
ranged from 10 to 18%, which is considered to be a satisfactory
range of consensus for the intended purpose. While the model
provides a generic cost estimate, the technical, economic and
social specificities of a particular hydrogen pipeline project,
along with the quality of its construction execution and
management, will go a long way in determining the costs
realised. Hydrogen pipelines in general have an increased
degree of operational risk in comparison to more conventional
pipelines (e.g. natural gas), due to the tendency for leakage
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Table 6 — Wind turbine auxiliary plant costs.

Cost components Values Sources/Comments
Wind farm network connection ($) 12.5% of total wind turbine installed capital [44]
cost
Wind farm electrical infrastructure ($) 9.1% of total wind turbine installed capital [44]
cost
Project development and management 12.5% of total wind turbine installed capital [44]
cost ($) cost
Plant power electronics cost ($/kW) 35 Estimated relative to the cost specified for a

(including rectifier and control unit
cost)

Electrolyser labour and installation
costs ($)

Electrolyser O&M cost ($/kW/yr)

Electrolyser cell stack replacement
cost

Battery Capital Cost ($/kWh)

Battery labour and installation costs ($)
Battery O&M cost ($/kW)

Battery module replacement cost
Wind turbine O&M cost (years 1—6)

Function of electrolyser size.

17
Function of electrolyser size.

440

Function of battery size

14

Function of battery size

3% of total installed capital cost

1 GW wind-hydrogen plant [15].
10% of electrolyser capital cost.

[75]

30% of electrolyser capital cost [28].

Capital cost is on the higher end of the capital
cost range specified in literature ($180—500/

kWh) [49—51,53,54].

10% of battery capital cost.
[76]

30% of battery capital cost

Estimated relative to values utilized in Ref. [6]

($/y)

Wind turbine O&M cost (years 7—12) 5% of total installed capital cost Estimated relative to values utilized in Ref. [6]
($/y7)

Wind turbine O&M cost (years 13—20) 8% of total installed capital cost Estimated relative to values utilized in Ref. [6]
($/yr)

Pincher creek water cost ($/m3) 0.99 [25]

Wind turbine service life (yrs) 20 [28,75]

Electrolyser service life (yrs) 10 [28,77]

Inverter service life (yrs) 10 [78]

Control unit service life (yrs) 10 [25]

and embrittlement of steel. Characterizing the economic
implication of these added risks will facilitate more robust
capital cost estimates. Fig. 9 provides capital cost estimates for
the hydrogen pipeline (in 2010 dollars).

Hydrogen compressor cost

Typically, the desired pressure at which hydrogen should be
delivered to the bitumen upgrader is 50 bar [18]. Consequently,
in the model developed, hydrogen exits the compressor at
60 bar (inlet pressure of pipeline) so as to be conducive for
pipeline transport. For each plant configuration under
consideration, a compressor is sized to suit the hydrogen flow
rate, using a model provided in an earlier study [88]. In addi-
tion, it is important to mention that the hydrogen output
pressure from the electrolyser has a significant effect on the
cost of the compressor, as this determines the pressure ratio
which the compressor will be subjected to. A two stage
compressor with an efficiency of 70% and a specific capital
cost $970/kW is utilized in the techno-economic model [88].

Principal economic data and model assumptions

In the model developed, a return on equity of 10% along
with an inflation rate of 2% was adopted. The wind-
hydrogen plant investment is assumed to be serviced by
100% equity; with an operating life of 20 years and a
decommissioning cost with a negligible present value [25].

Furthermore, the duration of plant construction is consid-
ered to be one year. In addition, oxygen, which is a co-
product of the electrolysis process, is also considered as a
revenue generation stream. It is important to stress that the
price for oxygen varies substantially depending on the
market in which it is sold, the scale of production and its
level of quality (purity). Price quotes varied from $66.57/Nm?
for medical grade (99.99% purity) oxygen from retail level
vendors [89], to $0.078/Nm? for large industrial scale pro-
ducers [90]. Furthermore, in the published literature a price
of $2.77/Nm? (originally from Praxair Inc.) is cited by Becalli
et al. (2013) [27], however the specific market in which oxy-
gen is sold is not apparent.

The wind-hydrogen plant produces oxygen with a purity
level that exceeds 99.99%; hence it is sufficient for medical
grade applications in Canada, as evidenced by the specifica-
tions provided by Praxair Inc. [91]. In addition, medical grade
oxygen trades at a significant premium to industrial applica-
tion oxygen, which can aid the competitiveness of the plant.
The demand for the high purity oxygen at the plant is
assumed to come from hospitals, which purchase medical
grade oxygen at the plant gate. With this in mind, based on the
price quotes aforementioned, medical grade oxygen is
assumed to trade at a price that has at least a 30% premium
over the ‘generic’ oxygen price $2.77/Nm?* provided in the
existing published literature [27] — i.e. $3.60/Nm>. Having said
that, other costs such as compression, storage, licensing, and
handling, are likely to be significant for the sale of medical
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Fig. 9 — Hydrogen pipeline capital cost — Reproduced with permission from Olateju, Monds and Kumar (2014) [6]. © Elsevier

B.V. Notes: Cost shown are in 2010 Canadian dollars.

grade oxygen at the plant gate; hence, a profit margin of 20% is
assumed i.e. $0.72/Nm?® or $0.50/kg.

Results and discussion
Hydrogen production cost

Electrolyser farm size

The minimum hydrogen production cost achieved for all the
electrolyser farm® configurations evaluated, along with their
corresponding optimal battery size, is illustrated in Fig. 10. For
the six different electrolyser sizes considered, the hydrogen
production cost curve exhibits a similar non-linear variation.
Initially, significant economies of scale are achieved as the
hydrogen production flow rate is increased; however, the
economies of scale progressively erode as the magnitude of
the flow rate is amplified further. For a given electrolyser, in
the vicinity of its maximum hydrogen flow rate, the minimum
H, production cost is achieved; after this minimum cost, in-
crements to the electrolyser farm size results in production
cost increases. At a particular hydrogen flow rate, upon
further increases in the number of electrolyser units, a cor-
responding increase in the hydrogen flow rate does not occur.
The hydrogen flow rate remains constant — resulting in a
significant rise in the H, production cost. These aforemen-
tioned trends can be explained as follows:

The economies of scale which are realized initially are
attributed to the fact that the wind farm investment cost is
fixed for all electrolyser farm configurations. Hence, as the
hydrogen production flow rate is augmented with an increase
in the electrolyser farm size, the unit cost of hydrogen pro-
duction decreases accordingly. That being said, a point is

3 An electrolyser farm consists of a fixed electrolyser size and a
number of units.

reached where the incremental electrolyser doesn't yield
additional hydrogen productivity. This is because at this point,
the electrolyser farm is oversized relative to the wind farm
energy yield. It is also worth highlighting that for a particular
hydrogen flow rate to be produced in the plant, each electro-
lyser size requires significantly different numbers of units.
Consequently, the cost to produce a certain hydrogen flow
rate varies widely amongst the electrolyser sizes considered.
The overall minimum hydrogen production cost of the plantis
$9.00/kg H,, which corresponds to 81 units of the 3496 kW
(760 Nm?/hr) electrolyser and 360 MWh (60 units) of battery
capacity. In comparison to SMR, this cost is uncompetitive.
Olateju & Kumar [65] provide SMR hydrogen production costs
for a number of scenarios in Alberta (with and without carbon
capture and sequestration); costs range from $1.87%kg H, to
$2.60/kg H, (2014 dollars).

Battery size

The optimal battery capacity for each electrolyser farm size
assessed in the model is also shown in Fig. 10. For a particular
range of hydrogen flow rates, the optimal battery capacity for
the different electrolyser farm sizes are coincident. With a
further increase in the hydrogen flow rate beyond a given
range, an increase in the optimal battery size occurs. In gen-
eral, the optimal battery size increases as the hydrogen flow
rate is increased. These observations are quite intuitive. A
given battery size is sufficient to produce hydrogen at mini-
mum cost for a specific range of flow rates. Irrespective of the
size of the electrolyser or the number of units involved, as long
as the hydrogen flow rate falls within range, it can serve as the
optimal size. Accordingly, the optimal battery size for the
various electrolyser sizes are identical within a particular flow
rate range. The general trend of the optimal battery size

* The SMR production costs cited are based on an average
natural gas price of $5/GJ over the plant's 25 year lifetime [65].
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Fig. 10 — Hydrogen production cost.

increasing as the hydrogen flow rate rises is due to the fact
that the battery supplies the electrolyser with energy and
thus, as increased productivity (H, flow rate) is demanded
from the electrolyser, the battery has to increase its capacity
to deliver energy. Otherwise, the undersized battery will result
in a low electrolyser capacity factor and the increased use of
the grid as a dump load (i.e. electricity sales to the grid irre-
spective of the availability of premium electricity prices) — this
hinders the cost competitiveness of H, production.

Cost distribution

The contribution of the different plant components toward
the minimum hydrogen production cost ascertained for each
electrolyser size, is provided in Fig. 11. The wind turbine
capital cost accounts for the largest portion of the hydrogen
production cost for all electrolyser sizes. For the minimum
hydrogen production cost determined ($9.00//kg H,), the wind
farm accounts for 63% of this cost. Hence, if existing wind
farm assets are used, such that the investment cost of building
the wind-hydrogen plant does not include the wind farm
costs, the hydrogen production cost is reduced to $3.37/kg H,.
For smaller electrolyser sizes, the electrolyser capital cost
accounts for a relatively higher portion of the total cost in
comparison to larger electrolysers. This is because smaller
electrolysers require a significantly greater number of units
and their specific capital costs are also higher. The cost
contribution of the battery does not vary significantly for the
different electrolyser sizes considered. This is also true for the
pipeline and compression costs; however, the cost of
compression for the largest electrolyser is relatively minute
due to the elevated pressure at which hydrogen is produced
(see Table 4). Lastly, the contribution of the power electronics
cost is relatively insignificant.

Impact of wind farm size

The installed capacity of wind power in Alberta has changed
significantly over the past few years, from a capacity of
563 MW in 2009 to over 1 GW as of 2014. Thus, the effect of the
wind farm capacity utilised in the model on the hydrogen cost
is worthy of examination. To achieve this, a range of wind
farm sizes were considered as shown in Fig. 12. The hourly
wind energy generated for the different sizes was assumed to
have an identical profile (hourly capacity factor) as the data
corresponding to the 563 MW base case. Additionally, the
hourly grid pool price was kept constant for all sizes evaluated
and a wind turbine size of 2.5 MW was utilized. As shown in
Fig. 12, while significant economies of scale are realised for
smaller wind farm sizes, for wind farms greater than 900 MW,
the economies are relatively small. This finding is analogous
to the observation made by previous authors [70,71], where
the impact of wind farm scale on the cost of electricity is
significant for smaller wind farm sizes, but is insignificant for
larger scales.

Hydrogen production cost — sensitivities

The sensitivity of the hydrogen cost estimates, to a number of
model parameters, is illustrated in Fig. 13. The effect of the
battery and electrolyser efficiency are the most profound on
the cost estimates; underscoring the importance of the plant's
round-trip efficiency. The wind turbine capital cost has a
considerable impact on the hydrogen cost estimates, reaf-
firming the need to consider the wind turbine capital cost
($/kW) value used in wind-hydrogen models, along with the
importance of having a strong OEM base for a given jurisdic-
tion (as this can lower capital costs, e.g., China). Negotiating
competitive supply contracts from wind turbine manufac-
turers is also paramount. The internal rate of return (IRR) has a
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Fig. 11 — Hydrogen production cost distribution.

less significant impact relative to the wind turbine capital
cost. The oxygen profit margin has a relatively modest effect
on the hydrogen cost estimates.

Driving factors for electrolyser & battery sizing

The optimal battery capacity for a particular electrolyser size,
is a strong function of their respective capacity factors as
shown in Fig. 14. Note: The graph shown in Fig. 14 corresponds
to a fixed electrolyser farm size of 3496 kW (760 Nm®>/hr) x 81
units. The minimum hydrogen production cost is realised
when the capacity factor of the electrolyser and battery are
approximately equivalent. The underpinnings of this notion
stem from the relative sizing of the battery and electrolyser,
and the impact it has on their performance. With this in mind,
it is important to stress that the energy available to a given
electrolyser, which in turn determines its productivity (and by

extension, its capacity factor), is constrained by the energy
capacity of the battery. Therefore, as shown in Fig. 14, for a
fixed electrolyser size, an increase in the battery size trans-
lates into an increase in the electrolyser capacity factor;
however, this effect dissipates after a particular battery size is
attained. This is because, at this juncture, increased storage
capacity does not facilitate increased hydrogen production, as
the electrolyser is no longer constrained by the battery size,
but constrained solely by the energy production of the wind
farms. On the other hand, as the battery size is augmented,
intuitively, the capacity factor of the battery decreases. Thus,
a balance between these two opposing forces facilitates a cost
competitive point of operation which translates into a mini-
mum cost. This assertion is further buttressed by the fact that
the coincidence of the battery and electrolyser capacity fac-
tors leads to a minimum cost for the different electrolyser/
battery sizes evaluated in the model.

Impact of Wind Farm Size on Hydrogen Cost
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Fig. 12 — Impact of wind farm size on hydrogen production cost.
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Techno-economic impact of energy storage in wind-H,
plants

In comparison to the production cost of an identical plant
(without energy storage) outlined in a previous model [6], with
updated model inputs consistent with the current model, the
added element of energy storage has reduced the minimum
hydrogen production cost from $9.21/kg H, to $9.00/kg H,. This
is a 2.3% decrease, which can be considered negligible. The
impediment to increased cost efficiency is driven primarily by
the 15% efficiency penalty associated with the battery (85%
charge/discharge efficiency), and to a lesser extent by the
added capital and operating costs incurred. It is important to
stress that energy storage affords the plant two principal

benefits: an enhanced electrolyser capacity factor and pre-
mium electricity sales. However, this benefit is realised,
particularly, for smaller electrolyser farms relative to large
ones — owing to the higher propensity for energy storage in
the case of small electrolyser farms® (see Fig. 15). Despite their
enhanced capacity factors and premium electricity sales,

® Energy storage is higher for smaller electrolyser farms as the
electrolysers have a higher tendency to be undersized with
respect to the battery capacity, facilitating an increased amount
of excess energy which can be stored in the battery. Intuitively,
the degree of energy storage diminishes as the electrolyser farm
size is increased, owing to the significant drop in surplus energy
available, as a result of the increase in the electrolyser energy
demand.


http://dx.doi.org/10.1016/j.ijhydene.2016.03.177
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 8755—-8776

8773

Battery Storage Utilization

30%

—o—3496 kW (760 Nm3/h) x 9 Units

=f—3496 kw (760 Nm3/h) x 18 Units

N
e
X

3

15% +—

25% /”'*0—4

.4.;.—!_____ =>¢=3496 kW (760 Nm3/h) x 36 Units

3496 kw (760 Nm3/h) x 27 Units

==3496 kW (760 Nm3/h) x 45 Units

10%

3496 kW (760 Nm3/h) x 54 Units

3496 kW (760 Nm3/h) x 63 Units

Battery Storage Utilization
2
S
|
\

0% +—1i&

3496 kW (760 Nm3/h) x 72 Units

3496 kw (760 Nm3/h) x 81 Units

0 200 400 600
Battery Capacity (MWh)

800 3496 kW (760 Nm3/h) x 90 Units
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is retained in the battery for storage purposes (see Equation (1) in the Supplementary section).

smaller electrolysers suffer from reduced hydrogen produc-
tion flow rates and increased specific capital costs, which do
not justify the total capital expenditure of the plant.

Plant operating modes

The operating mode of the plant (see Table 2 for the
description of plant operating modes) is governed by the
electrolyser size, number of electrolyser units, the number of
battery units, the energy generated from the wind farm, and
the wholesale electricity (pool) price. As such, the operating
modes vary considerably, depending on the electrolyser-
battery configuration at hand. Broadly speaking, the plant
operating mode will also differ from one jurisdictional
context to another; as wind energy profiles and electricity
pricing dynamics will vary. To give an illustration of the
operating modes realized during the plant's operation, the
optimal number and size of electrolysers i.e. 81 units of the
3496 kW (760 Nm>/hr) electrolyser, is used as an example (see
Fig. 16). The impact of the battery capacity on the operating
modes is also demonstrated in Fig. 16. Two dominant and
opposing trends in Fig. 16 are worth highlighting. On one
hand, Mode A (H, production only) becomes more prominent
as the energy storage capacity of the plant is increased. On
the other hand, Mode D (H, production only with non-
premium electricity sales) becomes less dominant as the
energy storage capacity is increased. This is because
increasing the battery size reduces the need for non-
premium electricity sales that arise due to the inability to
store excess energy, as a result of the undersized nature of
the battery. The increased battery size allows for the energy
that would have been sold to the grid, to be utilized for
hydrogen production. The trends exhibited by Mode C and
Mode D also emanate from the battery sizing constraints. For
smaller battery sizes, these modes are non-existent; how-
ever, once the battery size is large enough, the plant is able to
make the autonomous decision to store or sell excess

electricity at premium prices, alongside hydrogen produc-
tion. Modes E and F have a negligible occurrence during the
plant's operation, and Mode G doesn't occur at all. For about
4% of the year, the plant is at a lull; due to energy not being
produced by the wind farms — Mode H. It is important to re-
iterate that the trends exhibited by the plant, in terms of its
operating modes, pertain specifically to the aforementioned
electrolyser farm size.

Modelling methodology

The modelling methodology used to ascertain the optimal
plant configuration and thus, the minimum hydrogen pro-
duction cost, was effective, yielding intuitive results and new
insights. In this regard, the coincidence of the electrolyser and
battery capacity factors, for a minimum hydrogen production
cost to be achieved, is an important finding. On another note,
the use of variables that can be readily customized to suit
various jurisdictional contexts (e.g. peak electricity price
hours and the wind energy generation profile) in the model,
provides significant flexibility for stakeholders.

A key challenge for the model was establishing the limits
of the solution space for the optimal battery size. The
approach taken to address this involved the initial
assumption that the solution space of the battery is equiv-
alent to that of the electrolyser (i.e. in MW). Based on
observed results, the solution space for the battery is then
adjusted (see Section Determination of Optimal H, Cost), to
achieve more efficient computing. From the results yielded,
this approach offers a pragmatic solution to the aforemen-
tioned challenge, be it less fluid. The main limitation of the
methodology developed is that the minimum hydrogen
production cost determined, is specific to a particular wind
energy capacity and generation profile. That is to say, if
the wind energy capacity or generation profile is changed,
a different minimum hydrogen production cost would be
found.
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Conclusion

This paper involved the development of an integrated wind-
hydrogen model termed FUNNEL — COST — H2 — WIND,
which utilized real-time wind energy data to ascertain the
optimal size of electrolyser, the number of electrolyser units
and battery (energy storage) capacities that would yield a
minimum hydrogen production cost, whilst functioning in a
liberalized electricity market with dynamic prices. The cost to
produce a particular hydrogen flow rate varies widely
amongst the electrolyser sizes considered. However, for a
particular range of hydrogen flow rate, the optimal battery
capacity for the different electrolyser sizes are coincident. The
overall optimal configuration for the battery and electrolyser
in the wind—hydrogen plant, comprised of 81 units of the
3496 kW (760 Nm®>/hr) electrolyser and 360 MWh (60 units) of
battery capacity. This translated into a minimum production
cost of $9.00/kg H,. The wind turbine accounts for a consid-
erable portion of this cost i.e. 63% - hence if existing wind
farms are used, the hydrogen production cost amounts to
$3.37/kg H,.

For a particular electrolyser size, the optimal battery size
occurs when the capacity factor of the electrolyser and
battery are approximately equivalent. This observation was
consistent for all the electrolyser and battery sizes evalu-
ated in the model. Furthermore, the principal benefits of the
battery (energy storage) on the wind-hydrogen plant, i.e.,
enhanced electrolyser capacity factor/premium electricity
sales, are realized more readily for smaller electrolyser
farms relative to larger ones. Despite the aforementioned
benefits of the battery, the decrease in overall plant effi-
ciency and to a lesser extent, increased capital costs, un-
dermine the added benefits of energy storage. For the

techno-economic conditions considered in the paper,
hydrogen production from wind powered electrolysis is
uncompetitive in comparison to SMR. However, depending
on the volatility of natural gas prices and the cost of
GHG emissions externalities (which is likely to rise in
future), wind-hydrogen production can become more
competitive.

Acknowledgements

The authors would like to express their sincere appreciation
to John Kehler of the Alberta Electric System Operator
(AESO), for his support and guidance concerning the wind
farm energy data utilised in this paper. The authors are
grateful to the NSERC/Cenovus/Alberta Innovates Associate
Industrial Research Chair Program in Energy and Environ-
mental Systems Engineering, and the Cenovus Energy
Endowed Chair Program in Environmental Engineering for
the financial assistance to carry out the research.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ijjhydene.2016.03.177.

REFERENCES

[1] Ozalp N. Energy and material flow models of hydrogen
production in the U.S. Chemical Industry. Int ] Hydrogen
Energy 2008;33(19):5020—34.


http://dx.doi.org/10.1016/j.ijhydene.2016.03.177
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref1
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref1
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref1
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref1
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 87558776 8775

[2] Liao Z, Wang ], Yang Y, Rong G. Integrating purifiers in
refinery hydrogen networks: a retrofit case study. J Clean
Prod 2010;18(3):233—41.

[3] Johansson D, Franck P-A, Berntsson T. Hydrogen production
from biomass gasification in the oil refining industry — a
system analysis. Energy 2012;38(1):212—27.

[4] Castelo Branco DA, Gomes GL, Szklo AS. Challenges and

technological opportunities for the oil refining industry: a

Brazilian refinery case. Energy Policy 2010;38(6):3098—105.

Naterer GF, Fowler M, Cotton J, Gabriel K. Synergistic roles of

off-peak electrolysis and thermochemical production of

hydrogen from nuclear energy in Canada. Int ] Hydrogen

Energy 2008;33(23):6849-57.

Olateju B, Monds J, Kumar A. Large scale hydrogen

production from wind energy for the upgrading of bitumen

from oil sands. Appl Energy 2014;118(0):48—56.

Sarkar S, Kumar A. Biohydrogen production from forest and

agricultural residues for upgrading of bitumen from oil

sands. Energy 2010;35(2):582—91.

[8] Utgikar V, Thiesen T. Life cycle assessment of high
temperature electrolysis for hydrogen production via nuclear
energy. Int ] Hydrogen Energy 2006;31(7):939—44.

[9] Koroneos C, Dompros A, Roumbas G, Moussiopoulos N. Life
cycle assessment of hydrogen fuel production processes. Int
J Hydrogen Energy 2004;29(14):1443-50.

[10] Dufour J, Serrano DP, Galvez JL, Moreno ], Garcia C. Life cycle
assessment of processes for hydrogen production.
Environmental feasibility and reduction of greenhouse gases
emissions. Int ] Hydrogen Energy 2009;34(3):1370—6.

[11] Hacatoglu K, Rosen MA, Dincer I. Comparative life cycle
assessment of hydrogen and other selected fuels. Int ]
Hydrogen Energy 2012;37(13):9933—40.

[12] Winter C-J. Hydrogen energy — abundant, efficient, clean: a
debate over the energy-system-of-change. Int ] Hydrogen
Energy 2009;34(14, Suppl. 1):S1-52.

[13] Timilsina GR, Kurdgelashvili L, Narbel PA. Solar energy:
markets, economics and policies. Renew Sustain Energy Rev
2012;16(1):449—65.

[14] Hearps P, McConnell D. Renewable energy technology cost
review. Melbourne Energy Institute Technical Paper Series.
2011.

[15] Leighty W, Holloway J, Merer R, Somerday B, San Marchi C,
Keith G, et al. Compressorless hydrogen transmission
pipelines deliver large-scale stranded renewable energy at
competitive cost. In: Proceedings of the 16th world hydrogen
energy conference, Lyon, FR; June. 2006. p. 1-14.

[16] Bell J, Weis T. Greening the grid: powering Alberta's future
with renewable energy. Pembina Institute; 2009.

[17] AESO. Wind power in Alberta. 2014.

[18] Sarkar S, Kumar A. Techno-economic assessment of
biohydrogen production from forest biomass in Western
Canada. Trans ASABE 2009;52(2):519-30.

[19] Sarkar S, Kumar A. Large-scale biohydrogen production from
bio-oil. Bioresour Technol 2010;101(19):7350—61.

[20] Verma A, Kumar A. Life cycle assessment of hydrogen
production from underground coal gasification. Appl Energy
2015;147:556—68.

[21] Verma A, Olateju B, Kumar A. Greenhouse gas abatement
costs of hydrogen production from underground coal
gasification. Energy 2015;85:556—68.

[22] Verma A, Olateju B, Kumar A, Gupta R. Development of a
process simulation model for energy analysis of hydrogen
production from underground coal gasification (UCG). Int J
Hydrogen Energy 2015;40(34):10705—19.

[23] Olateju B, Kumar A. Clean energy-based production of
hydrogen: an energy carrier. Handb Clean Energy Syst
2015:1-30.

[5

6

[7

(24]

(25]

[26]

(27)

(28]

(29]

(30]

(31]

(32]
(33]

(34]

(33]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

Olateju B, Kumar A. Techno-economic assessment of
hydrogen production from underground coal gasification
(UCG) in Western Canada with carbon capture and
sequestration (CCS) for upgrading bitumen from oil sands.
Appl Energy 2013;111:428—40.

Olateju B, Kumar A. Hydrogen production from wind energy
in Western Canada for upgrading bitumen from oil sands.
Energy 2011;36(11):6326—39.

Olateju B, Kumar A. A techno-economic assessment of
hydrogen production from hydropower for upgrading
bitumen from oil sands. Energy 2016 (In-review).

Beccali M, Brunone S, Finocchiaro P, Galletto JM. Method for
size optimisation of large wind—hydrogen systems with
high penetration on power grids. Appl Energy
2013;102(0):534—44.

Levene J. Economic analysis of hydrogen production from
wind. NREL, Golden, CO NREL/CP-560—38210. 2005.
Linnemann J, Steinberger-Wilckens R. Realistic costs of
wind-hydrogen vehicle fuel production. Int ] Hydrogen
Energy 2007;32(10—11):1492—9.

Zhang G, Wan X. A wind-hydrogen energy storage system
model for massive wind energy curtailment. Int ] Hydrogen
Energy 2014;39(3):1243—52.

Joskow P. Lessons learned from electricity market
liberalization. Energy J 2008;29(2):9—42.

IEA. Lessons from liberalised electricity markets. 2005.
Dufo-Lépez R, Bernal-Agustin JL, Dominguez-Navarro JA.
Generation management using batteries in wind farms:
economical and technical analysis for Spain. Energy Policy
2009;37(1):126—39.

Kroniger D, Madlener R. Hydrogen storage for wind parks: a
real options evaluation for an optimal investment in more
flexibility. Appl Energy 2014;136(0):931—46.

Anderson D, Leach M. Harvesting and redistributing
renewable energy: on the role of gas and electricity grids
to overcome intermittency through the generation and
storage of hydrogen. Energy Policy 2004;32(14):1603—14.
Gonzélez A, McKeogh E, Gallachéir BO. The role of hydrogen
in high wind energy penetration electricity systems: the Irish
case. Renew Energy 2004;29(4):471—89.

Geng MS, Gelik M, Karasu I. A review on wind energy and
wind—hydrogen production in Turkey: a case study of
hydrogen production via electrolysis system supplied by
wind energy conversion system in Central Anatolian Turkey.
Renew Sustain Energy Rev 2012;16(9):6631—46.

Zolezzi JM, Garay A, Reveco M. Large scale hydrogen
production from wind energy in the Magallanes area for
consumption in the central zone of Chile. ] Power Sources
2010;195(24):8236—43.

Sherif SA, Barbir F, Veziroglu TN. Wind energy and the
hydrogen economy—review of the technology. Sol Energy
2005;78(5):647—60.

Bechrakis DA, McKeogh EJ, Gallagher PD. Simulation and
operational assessment for a small autonomous
wind—hydrogen energy system. Energy Convers Manag
2006;47(1):46—59.

Ahmadi S, Rezaei Mirghaed M, Roshandel R. Performance of
a standalone wind-hydrogen power system for regions with
seasonal wind profile: a case study in Khaf region. Sustain
Energy Technol Assessments 2014;7(0):265—78.

Rodriguez CR, Riso M, Jiménez Yob G, Ottogalli R, Santa
Cruz R, Aisa S, et al. Analysis of the potential for hydrogen
production in the province of Cérdoba, Argentina, from wind
resources. Int ] Hydrogen Energy 2010;35(11):5952—6.

Chang TP. Estimation of wind energy potential using
different probability density functions. Appl Energy
2011;88(5):1848—56.


http://refhub.elsevier.com/S0360-3199(16)30020-9/sref2
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref2
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref2
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref2
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref3
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref3
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref3
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref3
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref3
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref3
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref4
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref4
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref4
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref4
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref5
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref5
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref5
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref5
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref5
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref6
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref6
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref6
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref6
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref7
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref7
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref7
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref7
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref8
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref8
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref8
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref8
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref9
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref9
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref9
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref9
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref10
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref10
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref10
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref10
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref10
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref10
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref11
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref11
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref11
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref11
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref12
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref12
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref12
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref12
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref12
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref13
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref13
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref13
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref13
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref14
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref14
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref14
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref15
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref15
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref15
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref15
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref15
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref15
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref16
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref16
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref17
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref18
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref18
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref18
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref18
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref19
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref19
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref19
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref20
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref20
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref20
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref20
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref21
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref21
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref21
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref21
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref22
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref22
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref22
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref22
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref22
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref23
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref23
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref23
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref23
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref24
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref24
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref24
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref24
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref24
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref24
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref25
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref25
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref25
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref25
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref26
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref26
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref26
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref27
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref27
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref27
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref27
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref27
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref27
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref28
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref28
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref28
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref29
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref29
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref29
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref29
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref29
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref30
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref30
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref30
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref30
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref31
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref31
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref31
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref32
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref33
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref33
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref33
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref33
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref33
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref33
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref34
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref34
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref34
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref34
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref35
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref35
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref35
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref35
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref35
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref36
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref36
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref36
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref36
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref36
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref36
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref36
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref37
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref37
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref37
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref37
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref37
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref37
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref37
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref37
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref38
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref38
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref38
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref38
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref38
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref39
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref39
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref39
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref39
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref39
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref40
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref40
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref40
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref40
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref40
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref40
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref41
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref41
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref41
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref41
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref41
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref42
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref42
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref42
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref42
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref42
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref42
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref42
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref43
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref43
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref43
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref43
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177

8776

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 87558776

(44]

(45]

[46]

(47]

(48]
(49]

(50]

(51]

[52]

(53]

(54]

(53]

(56]

[57]
(58]

(591

(60]

(61]

(62]

(63]

(64]

(65]

(66]

Burton T, Sharpe D, Jenkins N, Bossanyi E. Wind energy
handbook. John Wiley & Sons; 2001. ISBN: 9780470846063.
US-EIA. Henry Hub natural gas spot price. September 2015.
Available from: http://www.eia.gov/dnav/ng/hist/
rngwhhdm htm.

AESO. Market and System reporting. [cited 2014 June 18th].
Available from: http://www.aeso.ca/market/8356.html.
CANWEA. List of wind farms in Canada. 2014 [cited 2014
December 23rd]. Available from: http://canwea.ca/wind-
energy/installed-capacity/.

AESO. 2013 Annual market statistics. 2013.

Zhao H, Wu Q, Hu S, Xu H, Rasmussen CN. Review of energy
storage system for wind power integration support. Appl
Energy 2015;137(0):545—53.

Poullikkas A. A comparative overview of large-scale battery
systems for electricity storage. Renew Sustain Energy Rev
2013;27(0):778—88.

Diaz-Gonzalez F, Sumper A, Gomis-Bellmunt O, Villafafila-
Robles R. A review of energy storage technologies for wind
power applications. Renew Sustain Energy Rev
2012;16(4):2154—71.

Ruetschi P. Aging mechanisms and service life of lead—acid
batteries. ] Power Sources 2004;127(1—2):33—44.

Obara Sy, Morizane Y, Morel J. Economic efficiency of a
renewable energy independent microgrid with energy
storage by a sodium—sulfur battery or organic chemical
hydride. Int ] Hydrogen Energy 2013;38(21):8888—902.
Schoenung S. Energy storage systems cost update.
SAND2011-2730. 2011.

Sarasua A, Molina M, Pontoriero D, Mercado P. Modelling
of NAS energy storage system for power system
applications. In: Transmission and distribution
conference and exposition: Latin America (T&D-LA), 2010
IEEE/PES. IEEE; 2010.

Hadjipaschalis I, Poullikkas A, Efthimiou V. Overview of
current and future energy storage technologies for electric
power applications. Renew Sustain Energy Rev
2009;13(6—7):1513—22.

KEMET sodium-sulphur batteries and super-capacitors. 2013.
NGK. NAS battery energy storage system: NGK Insulators Ltd.
[cited 2014 November 19th]. Available from: http://www.eei.
org/about/meetings/meeting documents/abe.pdf.

Pino FJ, Valverde L, Rosa F. Influence of wind turbine power
curve and electrolyzer operating temperature on hydrogen
production in wind—hydrogen systems. ] Power Sources
2011;196(9):4418—26.

Ulleberg @. Modeling of advanced alkaline electrolyzers: a
system simulation approach. Int ] Hydrogen Energy
2003;28(1):21-33.

Ulleberg @, Nakken T, Eté A. The wind/hydrogen
demonstration system at Utsira in Norway: evaluation of
system performance using operational data and updated
hydrogen energy system modeling tools. Int ] Hydrogen
Energy 2010;35(5):1841-52.

Saur G. Wind-to-hydrogen project: electrolyzer capital cost
study. 2008.

Ivy J. Summary of electrolytic hydrogen production:
milestone completion report. Golden, CO (US): National
Renewable Energy Lab.; 2004.

Fu Q. Role of electrolysis in regenerative syngas and synfuel
production. In: Indarto A, Palgunadi J, editors. Syngas:
production, applications and environmental impact. New
York (USA): Nova Science Publishers; 2011.

Mathworks. MATLAB R2014a. [cited 2015 January 7th].
Available from: http://www.mathworks.com/support/
sysreq/sv-r2014a/.

EWEA. The economics of wind energy. EWEA; 2009.

(671

(68]

(69]
[70]

(71]

(72]

(73]

(74]

[75]

[76]

(771

(78]

(79]

(80]
(81]

(82]

(83]
(84]
85]

(86]

87]

88]

(89]
[90]

[o1]

Blanco MI. The economics of wind energy. Renew Sustain
Energy Rev 2009;13(6):1372—82.

Lantz E, Wiser R, Hand M. The past and future cost of wind
energy. Golden, CO: National Renewable Energy Laboratory;
2012. Report No. NREL/TP-6A20—53510.

Tegen S, Lantz E, Hand M, Maples B, Smith A, Schwabe P.
2011 cost of wind energy. US NREL/TP-5000-56266. 2013.
IRENA. Renewable energy technologies: cost analysis series
— wind power. 2012.

Schallenberg-Rodriguez J. A methodological review to
estimate techno-economical wind energy production. Renew
Sustain Energy Rev 2013;21(0):272—87.

USGS. Historical statistics for mineral and material
commodities in the United States. May 2015. Available
from: http://minerals.usgs.gov/minerals/pubs/historical-
statistics/.

Moné C, Smith A, Maples B, Hand M. 2013 cost of wind
energy. US NREL/TP-5000-63267. 2015.

Mosetti G, Poloni C, Diviacco B. Optimization of wind turbine
positioning in large windfarms by means of a genetic
algorithm. ] Wind Eng Industrial Aerodynamics
1994;51(1):105—16.

Bartholomy O. Renewable hydrogen from wind in California.
Institute of Transportation Studies; 2005.

Sundararagavan S, Baker E. Evaluating energy storage
technologies for wind power integration. Sol Energy
2012;86(9):2707—17.

Menanteau P, Quéméré M-M, Le Duigou A, Le Bastard S. An
economic analysis of the production of hydrogen from
wind-generated electricity for use in transport
applications. Energy Policy 2011;39(5):2957—65.

Nouni M, Mullick S, Kandpal T. Techno-economics

of small wind electric generator projects for
decentralized power supply in India. Energy Policy
2007;35(4):2491—506.

McKenna R, Hollnaicher S, vd Leye PO, Fichtner W. Cost-
potentials for large onshore wind turbines in Europe. Energy
2015;83:217-29.

Wiser R. 2012 wind technologies market report. 2014.

NREL. Distributed generation renewable energy estimate of
costs. May 2015. Available from: http://www.nrel.gov/
analysis/tech_lcoe_re_cost_est.html.

Renewables-First. How much does a farm wind turbine/
small wind farm turbine, cost?. Available from:. May 2015.
http://www.renewablesfirst.co.uk/wind-learning-centre/
how-much-do-a-farm-wind-turbines-cost-small-wind-
farms-cost/.

ICF. The cost and performance of distributed windturbines,
2010-35-Final Report. June 2010.

Yang C, Ogden J. Determining the lowest-cost hydrogen
delivery mode. Int J Hydrogen Energy 2007;32(2):268—86.
Schroeder D. A tutorial on pipe flow equations. Stoner
Associates Inc.; 2001.

Johnson N, Ogden J. A spatially-explicit optimization model
for long-term hydrogen pipeline planning. Int ] Hydrogen
Energy 2012;37(6):5421—33.

Parker N. Using natural gas transmission pipeline costs to
estimate hydrogen pipeline costs. 2004.

Ogden JM. Conceptual design of optimized fossil energy
systems with capture and sequestration of carbon dioxide.
Institute of Transportation Studies; 2004.

Oxygen-products, personal communication — oxygen
products Ltd. June 2015.

AESO. Personal communication — Alberta electric system
operator (AESO). March 2015.

Praxair. Medical gases catalogue — for use in Canada only.
2013.


http://refhub.elsevier.com/S0360-3199(16)30020-9/sref44
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref44
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref44
http://www.eia.gov/dnav/ng/hist/rngwhhdm.htm
http://www.eia.gov/dnav/ng/hist/rngwhhdm.htm
http://www.aeso.ca/market/8856.html
http://canwea.ca/wind-energy/installed-capacity/
http://canwea.ca/wind-energy/installed-capacity/
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref48
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref49
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref49
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref49
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref49
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref50
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref50
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref50
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref50
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref51
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref51
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref51
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref51
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref51
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref51
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref51
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref52
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref52
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref52
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref52
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref52
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref53
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref53
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref53
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref53
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref53
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref53
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref54
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref54
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref54
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref55
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref55
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref55
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref55
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref55
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref55
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref56
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref56
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref56
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref56
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref56
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref56
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref57
http://www.eei.org/about/meetings/meeting_documents/abe.pdf
http://www.eei.org/about/meetings/meeting_documents/abe.pdf
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref59
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref59
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref59
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref59
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref59
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref59
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref60
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref60
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref60
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref60
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref61
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref61
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref61
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref61
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref61
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref61
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref61
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref62
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref62
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref63
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref63
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref63
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref64
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref64
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref64
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref64
http://www.mathworks.com/support/sysreq/sv-r2014a/
http://www.mathworks.com/support/sysreq/sv-r2014a/
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref66
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref67
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref67
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref67
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref68
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref68
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref68
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref68
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref69
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref69
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref70
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref70
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref71
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref71
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref71
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref71
http://minerals.usgs.gov/minerals/pubs/historical-statistics/
http://minerals.usgs.gov/minerals/pubs/historical-statistics/
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref73
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref73
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref73
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref74
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref74
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref74
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref74
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref74
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref75
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref75
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref76
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref76
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref76
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref76
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref77
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref77
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref77
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref77
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref77
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref77
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref77
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref77
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref78
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref78
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref78
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref78
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref78
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref79
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref79
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref79
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref79
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref80
http://www.nrel.gov/analysis/tech_lcoe_re_cost_est.html
http://www.nrel.gov/analysis/tech_lcoe_re_cost_est.html
http://www.renewablesfirst.co.uk/wind-learning-centre/how-much-do-a-farm-wind-turbines-cost-small-wind-farms-cost/
http://www.renewablesfirst.co.uk/wind-learning-centre/how-much-do-a-farm-wind-turbines-cost-small-wind-farms-cost/
http://www.renewablesfirst.co.uk/wind-learning-centre/how-much-do-a-farm-wind-turbines-cost-small-wind-farms-cost/
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref83
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref83
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref84
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref84
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref84
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref85
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref85
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref86
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref86
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref86
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref86
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref87
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref87
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref88
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref88
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref88
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref89
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref89
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref89
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref90
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref90
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref90
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref91
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref91
http://refhub.elsevier.com/S0360-3199(16)30020-9/sref91
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177
http://dx.doi.org/10.1016/j.ijhydene.2016.03.177

	A techno-economic assessment of large scale wind-hydrogen production with energy storage in Western Canada
	Introduction
	Methodology and scope
	Site selection and energy logistics
	Wind-hydrogen plant description
	Battery selection
	Electrolyser selection
	Electrolyser modelling
	Integrated techno-economic model development
	Determination of optimal H2 cost


	Cost estimation
	Electrolyser capital cost
	Wind turbine capital cost and auxiliary units costs
	Wind turbine capital cost – economies of scale

	Hydrogen pipeline costs
	Hydrogen pipeline characterisation
	Hydrogen pipeline capital cost

	Hydrogen compressor cost
	Principal economic data and model assumptions

	Results and discussion
	Hydrogen production cost
	Electrolyser farm size
	Battery size
	Cost distribution
	Impact of wind farm size
	Hydrogen production cost – sensitivities

	Driving factors for electrolyser & battery sizing
	Techno-economic impact of energy storage in wind-H2 plants
	Plant operating modes
	Modelling methodology

	Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


