i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 3 ( 2 0 1 8 ) 1 9 6 6 e1 9 7 9

Available online at www.sciencedirect.com

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

System-level power-to-gas energy storage for high
penetrations of variable renewables
B. Lyseng a,*, T. Niet a,b, J. English a, V. Keller a, K. Palmer-Wilson a,
B. Robertson a, A. Rowe a, P. Wild a
a

Institute for Integrated Energy Systems, University of Victoria, PO Box 1700 STN CSC, Victoria, BC V8W 2Y2,
Canada
b
School of Energy, British Columbia Institute of Technology, 3700 Willingdon Avenue, Burnaby, British Columbia
V5G 3H2, Canada

article info

abstract

Article history:

According to outlooks by the IEA and the U.S. EIA, renewables will become the largest

Received 2 June 2017

source of electricity by 2050 if global temperature rise is to be limited to 2 ! C. However, at

Received in revised form

penetrations greater than 30%, curtailment of wind and solar can be significant in even the

22 November 2017

most flexible systems. Energy storage can reduce curtailment and increase utilisation of

Accepted 29 November 2017

variable renewables. Power-to-gas is a form of long-term storage based on electrolytic

Available online 26 December 2017

production of hydrogen. This research models the co-sizing of wind and solar PV capacity
and electrolyser capacity in a jurisdiction targeting 80% penetration of variable renewable

Keywords:

electricity. Results indicate that power-to-gas can reduce required wind and solar capacity

Power-to-gas
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Introduction
Limiting global temperature rise to the 2 ! C target requires CO2
emissions from global electricity generation to approach zero
by 2050 according to the IPCC and others [1,2]. However, with
67% of global electricity generation currently sourced from
fossil fuels [3], meeting emission targets will require an
extensive build-out of low-carbon generation. The International Energy Agency's (IEA) 450 Scenario, wherein global
warming has a 50% chance of being limited to 2 ! C, projects
renewables will contribute nearly 60% of global power

generation in 2040 [4]. Even in the IEA and U.S. Energy Information Administration reference scenarios, where the 2 ! C
target is not met, renewables are projected to experience the
greatest growth of all generation options for the coming decades, surpassing coal as the largest source of electricity
globally by 2040 [5,6].
Variable renewable electricity (VRE) technologies, namely
wind and solar, will likely account for the majority of new lowcarbon generation in many jurisdictions because of constraints on other options. The future of nuclear power is uncertain amid concerns over reactor accidents, waste disposal,
and nuclear proliferation [7]. Coal plants outfitted with carbon
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Nomenclature
CAES
CCS
CCGT
Ed
Eload
Est
Fvre
LDC
Nvre
IAMs
PHS
PtG
Pd
Pst
Pvre
RLDC
VRE

compressed air energy storage
carbon capture and sequestration
combined cycle gas turbine;
annual VRE generation used directly to meet
demand [MWh]
annual electricity demand [MWh]
annual energy from storage that serves
demand [MWh]
annual fraction of VRE penetration
load duration curve
normalised VRE generation profile;
integrated assessment models
pumped hydro storage
power-to-gas
hourly VRE generation used directly [MWh]
hourly energy from storage serving load [MWh]
hourly VRE generation potential [MWh]
residual load duration curve
variable renewable electricity

capture and sequestration (CCS) technology is a low-carbon
baseload alternative, but according to the IEA “… progress is
far too slow to achieve the widespread commercial deployment envisioned …” [8]. Hydropower, currently the largest
source of renewable electricity, has limited additional potential, particularly in OECD countries [6,9]. Studies exploring the
role of bioenergy in future, low-carbon energy systems find its
contribution varies greatly depending on the region,
competing demands, and, as summarised by Rogner et al., its
ultimate use will be “… less a question of the available theoretical potential than of ecological sustainability and socioeconomic desirability” [9e11]. The IEA projects that even with
breakthroughs in enhanced geothermal systems, geothermal
electricity will not exceed 3.5% of global power generation in
2050 [12]. These factors, taken together with projections for
decreasing costs of wind and solar generation, lead to the
conclusion that VRE technologies will contribute significantly
in the future of many jurisdictions.
Emerging policies at various levels of government and
recent studies of Integrated Assessment Models (IAMs)
support the expected growth of VRE technologies. Germany
is planning to increase the share of electricity from renewables to at least 80% of gross consumption by 2050 [13], and
Denmark aims to be 100% renewable in all sectors by 2050
[14]. IAMs such as GCAM [15,16], and IMAGE [17,18], include
representations of energy systems, economic structures,
and climate systems to study global climate change pathways and policies. Luderer et al. explore the role of renewable energy in limiting global CO2 concentration to
450e550 ppm by comparing results from a range of IAMs
[11]. Even when CCS and nuclear are permitted, most IAMs
indicate renewables will generate 30e70% of global annual
electricity by 2050, largely from wind and solar. Subsequent
research improving the representation (i.e. parameterisation
of characteristics) of VRE in IAMs found higher wind and
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solar penetrations than previous versions of all considered
models [19].
Integrating these high levels of VRE will be challenging
because of the limited ability of existing electrical systems to
respond to variation and uncertainty in net load. At timescales
less than 5 min, wind and solar power can decrease system
inertia and increase the need for power quality and regulation
services [20,21]. At longer timescales, system operators can be
forced to curtail significant amounts of renewable energy
generation, even at current penetrations of VRE [22].
Depending on contractual arrangements, curtailment can
incur costs to the system such as constraint payments, or
costs to curtailed generators such as lost energy payments.
Expansion of the transmission system to deliver renewable
generation to load centers is a common solution to this
problem. However, transmission expansion only reduces
curtailment due to transmission constraints, not curtailment
due to lack of demand.
Curtailment due to lack of demand e the focus of this study e
occurs when VRE plus inflexible baseload generation exceed the
system demand. Denholm and Hand examine the curtailment
that occurs at high levels of VRE penetration under various
system flexibilities [23]. Defining flexibility factor as the “fraction
below annual peak [demand] to which conventional generators
can cycle”, they find that “… achieving 80% of the simulated
system's electricity from wind generation only (and without
storage) requires a system flexibility of close to 100%, and results
in a curtailment rate of more than 43%.” In this case, the effective
capacity factor of the last unit of wind installed would be 6%,
making its marginal cost over five times the cost when there is
no curtailment. In Europe, under the IEA's 450 Scenario, curtailment of excess electricity could occur up to one-third of the time
in 2040 if integration methods such as storage are not implemented [4].
Energy storage can facilitate VRE integration and reduce
curtailment [24e28]. Candidate technologies capable of
serving long-term energy storage are pumped hydro storage
(PHS), compressed air energy storage (CAES), and power-togas (PtG) [28e30]. Both PHS and CAES require specific geological conditions and, therefore, lack flexibility of location. PtG,
whereby hydrogen is produced by electrolysis, is less sitespecific. Multiple opportunities exist for PtG to leverage the
natural gas grid and integrate with other sectors, as depicted
in Fig. 1. The vast majority of hydrogen - a versatile energy
carrier - is currently produced from fossil fuels, but PtG offers
a means of production with lower emissions. Furthermore,
PtG can be an essential part of a hydrogen economy, which is
considered by some to be the ultimate future of energy systems [31e33].
Large-scale PtG in high VRE power systems is an active
field of research with many areas yet to be thoroughly
explored. This study focusses on PtG storage, assuming the
natural gas grid is an unlimited storage reservoir, in an
islanded power system targeting 80% VRE penetration. The
modelled system, depicted in Fig. 2, contains wind, solar PV,
and combined cycle gas turbines (CCGT) as generators, PtG
as the storage technology, and time-varying load in an
hourly model of one year. Electrolyser capacity, charging
behaviour, curtailment, and hydrogen production are analysed for a range of system configurations that achieve the
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Fig. 1 e Schematic of power-to-gas showing the potential
for integration of energy carriers and sectors.
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Fig. 2 e Schematic representation of the energy system as
modelled.

targeted VRE penetration. Sensitivities to geographic diversity of VRE resources, wind-solar capacity split, and
quality of wind year are also explored.
There are many pathways other than storage in Fig. 1 for
PtG hydrogen that are not explored in this study. While this
research assumes the natural gas grid to be an infinite storage
reservoir, it does not model the injection or interaction with
the natural gas grid. Hydrogen can be further processed to
create methane before injection into the natural gas grid
[34e37]. Alternatively, hydrogen can be used for industrial
purposes, displacing fossil fuel-sourced hydrogen and
reducing associated emissions such as carbon dioxide [38e40].
The global hydrogen market is expected to be valued at
several trillion dollars by 2020 [41].

Existing research on PtG can be divided into four broad categories:
small systems (i.e. <1000 MW), nuclear-based systems, natural
gas-paired systems, and high VRE systems. Depending on the
type of system, the role of PtG can vary from clean hydrogen
production to storage. This role, as well as the size of the system,
impacts the sizing of PtG and the way in which it is operated.
A recent review of PtG projects reveals that 76% of existing
installations are stand-alone systems that are not connected
to a bulk power grid [42]. Many of these are pilot projects
installed on isolated systems to increase VRE penetration and
to reduce reliance on fossil fuels. Some studies assess opportunities for PtG on these small, weak, or isolated systems
with high wind penetration [43e46]. PtG is shown to significantly increase wind penetration [46], and provide a costcompetitive storage option for achieving high penetrations
of VRE [45]. Nonetheless, PtG systems would benefit from
increased electrolyser flexibility and efficiency [43], and
hydrogen production costs are highly sensitive to electrolyser
sizing [44]. In these studies, VRE and storage are sized for
autonomy, system stability, or for reasons not provided. These
small-scale systems have unique generation and demand
profiles that result in storage operation profiles that differ
from the profiles of large-scale systems.
At a larger scale, several studies have explored electrolysis
applications in nuclear-based power systems [47e51,41,52].
The focus of these studies is either generation of low-cost
hydrogen or operation of the electrolyser as a dispatchable
load so that the reactors can operate at constant output. A
common finding in these studies is that hydrogen production
costs are highly sensitive to electrolyser utilisation. Low utilisation factors and/or operation at high electricity prices result
in higher hydrogen production costs. Although the focus of
these studies is not storage of excess VRE, results highlight the
importance of electrolyser sizing and operation in PtG.
Other research has modelled the impacts of PtG on the
power and natural gas sectors [27,53,54]. Qadrdan et al. focus
on impacts of PtG in the natural gas system with a high resolution model of Great Britain with 30% wind penetration.
Electrolyser capacity is not sized; rather its operation is constrained by maximum allowable hydrogen concentrations in
the gas grid. The analysis, limited to two days representing
high and low demand, finds that PtG decreases the operating
costs and emissions of the combined natural gas and power
system. Vandewalle et al. model the power, natural gas, and
CO2 sectors in Belgium, with VRE capacity scaled to generate
100% of annual electricity demand, assuming no curtailment.
The study's authors find that PtG transfers capacity and flexibility issues from the power system to the natural gas system.
Electrolyser capacity is determined based on investment costs
and full load hours to produce synthetic methane at a cost
competitive with natural gas. Results presented on electrolyser operation are limited to the annual electricity usage.
Previous studies have investigated PtG in electricity systems with high penetrations of VRE [55e60,35]. Most of these
studies use cost optimisation models to determine the generation mix, size of storage (MWh), and/or hydrogen production.
In a study of a 100% VRE European power grid with multiple
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Fig. 3 e Flow chart illustrating the hourly simulation model.

storage options, PtG accounts for 64% of the installed storage
charging power (MW) and 99% of the storage capacity (MWh)
[55]. Another study targeting 100% renewable electricity for a
small region in Germany finds that if the capital cost of PtG is
less than 2453 V/kW, it is more cost-effective than Li-ion batteries at a cost of 350 V/kW [56]. Some of the aforementioned
studies of a PtG system coupled to an electrical system with
high penetrations of VRE assess several scenarios with
different system mixes; however the relationship between
electrolyser capacity and VRE capacity is not examined.
Furthermore, the temporal characteristics of PtG operation are
not assessed and, with the exception of Heide et al. [43], neither
is the impact of VRE resource mix on system capacities.
In this study we address these gaps by assessing the VREelectrolyser capacity trade-off and the associated curtailment. In addition, we characterise the hourly distribution of
charging events and discuss its implications for electrolyser
operation. We explore impacts of resource diversity in this
study by defining six scenarios representing different windsolar mixes, locations, and wind years. In addition, a brief
assessment of hydrogen concentrations in the natural gas grid
is presented for selected systems.
To perform this analysis, we develop a method that jointly
determines combinations of VRE and electrolyser capacity to
achieve 80% VRE penetration. This is done by simulating the
hourly operation of hundreds of capacity combinations and
selecting ones that have 80% penetration.

Methods
The system investigated in this research represents the electric power system in the Canadian province of Alberta with

80% VRE energy penetration in the year 2050. According to the
Government of Alberta, “Alberta has one of the most extensive natural gas systems in the world …” and exports over 50%
of production [61]. This suggests PtG could be broadly
deployed and that the hydrogen produced could be accommodated by the natural gas infrastructure.
This study uses the simplified representation of the Alberta
electricity system and PtG storage shown in Fig. 2. A timevarying electricity demand is met by wind, solar PV, and/or
CCGT generators and delivered by the electrical grid. The PtG
storage system has three main components: charger, reservoir, and discharger. In our model, the charger is an electrolyser that operates on excess wind and solar generation to
produce hydrogen. The reservoir is a proxy for the natural
grid, which we assume to be extensive and thus model it
simply as an unlimited reservoir for hydrogen. The reservoir
storage level increases when hydrogen is produced by the
charger (electrolysis), and decreases when the discharger
(CCGT) burns hydrogen from the reservoir. The CCGT can also
burn natural gas if there is no hydrogen in the storage reservoir. There are no transmission constraints in the model of the
power system and, therefore, the effects of siting electrolyser
and generation technologies are not assessed.1
1

Siting of wind and solar generation is examined based on
regional resource profiles, but not with regards to energy system
infrastructure such as transmission lines.
2
The higher heating value (HHV) is consistent with the
assumed efficiency when liquid water is used by the electrolyser
and therefore includes the heat of vapourisation.
3
Base map “Canada Alberta relief location map” by Carport is
used under CC BY-SA 3.0.
4
https://solaralberta.ca/.
5
http://pvwatts.nrel.gov/.
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Fig. 5 e Approximate locations of representative wind and
solar data.3 Abbreviations correspond to the wind regions,
see Table 1.

generation is curtailed. Fig. 4 illustrates the operation of
technologies and energy allocation in the model.
To calculate the fraction of annual VRE penetration we
include VRE generated energy used directly and energy output
from storage. The VRE energy used directly, i.e. instantaneously, to meet hourly demand is denoted as Pd. Hourly energy output from storage, Pst, is also considered VRE-sourced
because storage was charged with excess VRE generation.
The fraction of annual VRE penetration, Fvre, is defined in
Equation (1), where Eload is the annual energy demand, and Ed
and Est are the annual sums of Pd and Pst, respectively.
Fvre ¼

10

0

600 km

* Vancouver

An hourly dispatch model was developed to simulate operation of the system. For each hour, energy flows are managed in
accordance with the flow chart shown Fig. 3. The model treats
wind and solar generation as “must-take” up to the demand in
that hour. Therefore, when VRE generation exceeds demand,
the energy in storage increases equal to the higher heating
value of the hydrogen generated by an 80% efficient electrolyser [36,62,63].2 If VRE generation is not sufficient to serve the
load, the model uses energy from storage before using nonVRE generation. Discharge from storage is assumed to occur
at 55% efficiency, representing a CCGT [64]. When VRE generation exceeds demand and electrolyser capacity, VRE

0

Wind farm
Solar installa!on

SASKATCHEWAN

Assuming an infinitely large natural gas grid, the model
does not constrain the rate of hydrogen production (i.e. injection rate into the grid), or the amount of hydrogen in the
reservoir (i.e. concentration of hydrogen in the grid). Nonetheless, hydrogen can adversely affect natural gas infrastructure and certain customer end-uses. Therefore we assess
the infinite reservoir assumption by determining average
hydrogen concentrations that result from selected systems
(see Section Hydrogen and the natural gas grid).
In order to provide 80% of the annual energy by VRE e
directly and via storage e there must be sufficient VRE capacity and electrolyser capacity. A wide range of combinations of VRE capacity and electrolyser capacity are simulated
to create a contour plot of the VRE penetrations (Fig. 7).
Selected VRE and electrolyser capacity combinations that
achieve 80% penetration are then analysed in further detail.
Further explanation of the model is presented in Section
System model. Wind, solar, and load data are provided in
Section Wind, solar, and load data. Model scenarios are
defined in Section Scenarios, with additional modelling process and details provided in Section Combinations and
configurations.

Ed þ Est
Eload

(1)

It is assumed that the power system has a fleet of CCGT
plants with a total capacity equal to the peak demand that can
serve as both storage discharge and flexible, non-VRE generation.
In reality, CCGT plants would burn a mixture of electrolysed
hydrogen and natural gas as drawn from a pipeline. The CCGT
plants are assumed to have no ramping limits or minimum
generation level. This duty would more likely be served by a
combination of CCGT and open cycle gas turbines in an actual
system.
It is also assumed that the electrolysers are perfectly flexible, able to ramp up and down quickly through their full capacity range with constant efficiency. While electrolysers do
have minimum load constraints and efficiencies are not constant, hundreds or possibly thousands of electrolysing units
would be required for the charging capacities shown here. It is
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Fig. 6 e The normalised VRE profile, which defines each scenario, is based on the VRE generation mix.

assumed that units are dispatched sequentially and ramp
quickly so that each unit can be assumed always to be either
off or on at full capacity.

Wind, solar, and load data
Alberta has an area of 662,000 km2, approximately twice the
size of Germany. There are four wind regimes in the province,
three in the south and one covering the remainder of the
province [65]. The diversity in the south results from the
mixed geography of the Rocky Mountains in the west to the
prairies in the east. The majority of wind development to date
has occurred in the southwest region of the province, but an
increasing number of farms are currently in various stages of
development in other regions.
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The hourly wind generation profiles used in the model are
constructed from historic hourly data from one representative
wind farm in each of the four regions, as shown in Fig. 5. These
wind farms are selected for low cross-correlation of power
output with the wind farms in the other regions and high
annual capacity factor. Low cross-correlation due to
geographic dispersion of generation sites has been shown to
be beneficial for integration of VRE [66,67]. The selected farms
have annual capacity factors of 34e37%, representing the
trend to larger, more productive turbines that will likely be
installed in the future [68]. Data from the year 2013 is selected
to represent an average wind year based on annual capacity
factors from 2003 to 2015.
As of 2016, Alberta has 10.5 MW of installed solar power
capacity, mainly in the form of rooftop photovoltaic (PV), with
the largest installation being a 2 MW solar farm.4 For this
study, PV Watts5 is used to simulate hourly solar PV generation at four locations in Alberta, as shown in Table 2 and Fig. 5.
Additional details of the solar installations such as tilt angle
and efficiency can be found in the Supplementary Material.
Hourly total system load data from the Alberta Electric
System Operator (AESO) for 2013 is used to define the load
profile. This load profile is scaled to the projected load for 2050,
extrapolated from AESO's 2016 Long-term Outlook [69]. The
resulting annual electricity demand for this study is 134 TWh,
with an average load of 15.3 GW, and a peak load of 19.3 GW.

1
4

Normalised VRE Capacity

5

6

Fig. 7 e Annual energy fractions met by VRE and
electrolyser combinations for the Reference Scenario. The
four points define different configurations that achieve 80%
VRE penetration. Axes are normalised by average system
load (MW).

Table 1 e Representative wind farms for the four regions.
Historic hourly generation by wind farm is available from
the Alberta Electric System Operator (AESO). Listed
capacity factors are for 2013.
Wind region

South west (SW)
South central (SC)
South east (SE)
North (N)

Wind farm

Soderglen
Magrath
Chin Chute
Wintering Hills

Capacity Capacity factor
[MW]

[%]

68
30
30
88

36.9
34.8
34.4
36.8

1972

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 3 ( 2 0 1 8 ) 1 9 6 6 e1 9 7 9

Table 2 e Location and performance of solar installations.
Solar installation
data location

Type

Lethbridge (LB)
Medicine Hat (MH)
Calgary (CG)
Edmonton (ED)

1-axis tracking
1-axis tracking
Fixed rooftop
Fixed rooftop

Annual
generation

Capacity
factor

[kWh/kW]

[%]

2565
2527
1620
1468

29%
29%
18%
17%

Scenarios
A scenario is defined by its normalised VRE generation profile. The
normalised VRE generation profile depends on the mix and locations of wind and solar farms, the wind-solar capacity split,
and the wind year. Wind and solar generation profiles are normalised to their nominal rated capacity before an aggregate
profile is constructed by the method illustrated in Fig. 6. The
values defining the scenarios, presented in Table 3, are selected
to represent a plausible range of resource diversities. The sum of
the wind capacity fractions for each of the four wind regions,
fW_X, is unity. Similarly, the sum of the capacity fractions for each
solar location, fS_X, is unity. The sum of the wind fraction of VRE
capacity, fW, and the solar fraction of VRE capacity, fS, is unity.
The Reference Scenario assumes equal wind and solar capacities, wind capacity spread equally among the four regions, 2013
wind generation data, and solar capacity equally split between
two locations in the south of the province. Equally dividing the
wind capacity among the four regions results in an aggregate
wind generation profile with diversity statistics comparable to
that of Nordic countries [66] (see Supplemental Material).
Three scenarios explore the impact of the wind resource.
The Concentrated Wind scenario represents the entire wind
capacity being built in the region with the highest capacity
factor in 2013 and uses 2013 wind generation data. 2014 Wind
and 2011 Wind scenarios, which are based on data from the
namesake years, represent a relatively low and a relatively
high wind year, respectively. The average capacity factor of
the four representative wind farms for these years are 31.2%
and 41.3%, compared to 35.7% in 2013.
The solar generation profile in most scenarios assumes
single-axis tracking installations with capacity divided evenly
between Lethbridge and Medicine Hat. These cities are in the
south of the province where annual solar insolation is highest.
The High Solar Fraction scenario assumes that 65% of the VRE
capacity is solar and 35% is wind, resulting in more annual
electricity generation from solar PV than wind. Sensitivity to a

large-scale build-out of rooftop PV in Edmonton and Calgary,
the province's two largest cities, is explored in the Rooftop Solar
scenario. In this scenario, the capacity is spread evenly among
the four solar locations.

Combinations and configurations
For each of the six scenarios, 400 combinations of VRE capacity
and electrolyser capacity are simulated for one year. These
combinations consist of 20 capacities of VRE, ranging from
zero to six times the average load. For each of these VRE capacities, the electrolyser capacity is varied from zero to half of
the average load in 20 increments. For each combination, the
fraction of annual energy that can be provided by VRE is
determined. This method is used to generate contour plots of
system VRE fractions (such as Fig. 7) that are then used to
select configurations for detailed analysis.
A configuration specifies a selected VRE capacity and electrolyser capacity combination that achieves exactly 80% VRE
penetration. Four configurations are examined in the Reference Scenario and one in each of the other five scenarios.
In the Reference Scenario, the four configurations are
determined with electrolyser capacities that are 1%, 10%, 20%,
and 50% of the average system demand (MW). The corresponding VRE capacity for each configuration is that which
results in 80% VRE penetration. These configurations are used
to examine capacity mix, electricity mix, residual load duration curves, hydrogen production, and electrolyser utilisation.
For the other five scenarios, the electrolyser capacity for
each configuration is set to 20% of the average system demand
(3.06 GW), as in Configuration 3 of the Reference Scenario. In
the Concentrated Wind, Rooftop Solar, and High Solar Fraction scenarios, the VRE capacities necessary to reach 80% VRE
penetration are determined for each configuration. 2014 Wind
and 2011 Wind scenarios are meant to assess the ability of a
system to meet the 80% VRE penetration target under different
wind years. Therefore, in addition to electrolyser capacity,
these scenarios also have the same VRE capacity as Configuration 3 of the Reference Scenario.

Results and discussion
Reference Scenario results
For the Reference Scenario, combinations of VRE capacity and
electrolyser capacity that enable equivalent penetrations of

Table 3 e Parameters defining VRE profile for each scenario. Wind regions and solar locations are described in Section
Wind, solar, and load data.
Scenario

Reference
Concentrated Wind
Rooftop Solar
High Solar Fraction
2014 Wind
2011 Wind

Wind Wind fraction of
year
VRE capacity

Avg.
Avg.
Avg.
Avg.
Low
High

Fraction of wind capacity
by region (fW_X)

Solar fraction of
VRE capacity

Fraction of solar capacity
by location (fS_X)

(fW)

SW

SC

SE

N

(fS)

LB

MH

CG

ED

0.5
0.5
0.5
0.35
0.5
0.5

0.25
1
0.25
0.25
0.25
0.25

0.25
0
0.25
0.25
0.25
0.25

0.25
0
0.25
0.25
0.25
0.25

0.25
0
0.25
0.25
0.25
0.25

0.5
0.5
0.5
0.65
0.5
0.5

0.5
0.5
0.25
0.5
0.5
0.5

0.5
0.5
0.25
0.5
0.5
0.5

0
0
0.25
0
0
0

0
0
0.25
0
0
0
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VRE are plotted as contours in Fig. 7. For example, the “0.8” line
represents the combinations of VRE and electrolyser capacities that achieve 80% VRE penetration. With PtG as the only
modelled storage option, there is a trade-off between VRE
capacity and electrolyser capacity at high penetrations;
increasing electrolyser capacity decreases required wind and
solar capacity, and vice versa. Storage has negligible impact
when VRE capacity is less than twice the average load. This
can be attributed to the diverse mix of VRE and the fully
flexible non-VRE generation. Four system configurations,
indicated by the numbered points on the 80% curve in Fig. 7,
are selected for more detailed analysis below.
Configuration 1 has little electrolyser capacity, relying
almost solely on VRE capacity. Configurations 2, 3 and 4
demonstrate that VRE capacity can be reduced with storage,
although at a diminishing rate. Configuration 3 has 16% less
VRE capacity than Configuration 1, while Configuration 4 has
23% less. The 80% contour line is nearly vertical at Configuration 4 indicating that additional electrolyser capacity does
not significantly decrease VRE capacity.
Combined VRE and electrolyser capacity decreases from
Configuration 1 to 2, and again from 2 to 3, but is equal in 3 and
4 (see Fig. 8(a)). Fig. 8(b) shows how increasing electrolyser
capacity increases the amount of energy from PtG storage, and
decreases the amount of curtailed and direct VRE energy. The
amount of annual electricity demand met from storage ranges
from 0.3% in Configuration 1, to 6.6% in Configuration 4.
Charging of storage occurs when the residual load, i.e.
demand less VRE generation, is negative. Sorting hourly residual loads in descending order creates a residual load
duration curve (RLDC), which is helpful in understanding the
behaviour of very high VRE systems with storage. Fig. 9 presents the RLDCs for the four 80%-configurations. When a
RLDC is positive, power from dispatchable generation is used
to satisfy demand. This dispatchable generation is from
CCGTs and includes both storage discharge and non-VRE
generation. Negative residual load charges storage up to the
installed charging capacity, beyond which the energy is
curtailed.
These RLDCs illustrate how storage reduces curtailment,
albeit at a diminishing rate with increasing electrolyser capacity. The “tails” (highly negative values) of the RLDCs are
sharp so the incremental energy available for storage decreases as electrolyser capacity increases. This explains why

Electrolyser operation
In this section, electrolysis, i.e. charging, events are examined
and implications for the storage technology are discussed. All
of the 80%-configurations in the Reference Scenario experience a similar number of charging events, ranging from 435 in
Configuration 1 to 477 in Configuration 4. This is expected
because all four configurations use the same normalised VRE
profile, scaled to different capacities.
Charging events are organised by the number of consecutive hours electrolysis occurs. The majority of charging events
are less than 12 h in duration, as seen by the histogram for
Configuration 3 shown in Fig. 10 (a). This can be largely
attributed to the nature of the load, wind, and sun in the
summer: system load is lower, winds tend to be lighter, and
solar irradiation is higher. Therefore the VRE generation profile is often dominated by solar generation which, on many
days, can exceed demand for a number of the daylight hours.
When these events are organised by the cumulative
amount of hydrogen that is generated, the contribution of
longer duration events is more apparent (Fig. 10 (b)). For the
average wind year in Configuration 3, only 26% of the events
have durations of 12 h or more, but these events account for
54% of the hydrogen produced. The other wind years shown in
Fig. 10 (b) support the same trend. This is why long-term
storage technologies like PtG are particularly valuable in
very high VRE systems.
Available storage technologies cover a broad range of energy and power specifications and can be roughly divided into
three categories based on energy-to-power ratios [28,70].
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increasing electrolyser capacity does not proportionally increase energy from storage, as seen in Fig. 8. On the other
hand, increasing electrolyser capacity can greatly reduce the
amount of curtailed energy in the tail, a trend also seen in
Fig. 8. The energy available for storage is significant; however
charge and discharge efficiencies reduce the amount that can
be delivered back to the power system.
Selection of a preferred PtG system configuration depends
on additional factors outside the scope of this study. These
include, but are not limited to, relative costs of VRE and storage, resource availability, and additional benefits of storage
such as balancing services. These factors can be unique to
each system and should be assessed accordingly.
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Fig. 9 e Residual load duration curves for the four VRE-electrolyser configurations. Demand met directly by VRE, Ed, is
represented by the positive area between the LDC and the RLDC. Dispatchable generation, provided by combined cycle
natural gas plants, includes both discharge from storage and non-VRE generation.
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Fig. 10 e (a) Charge durations in Configuration 3 in an average wind year. (b) Cumulative stored energy by charge duration in
Configuration 3 for three wind years.

Stating energy in units of kWh and power in units of kW, the
energy-to-power ratio is the number of hours a technology
can charge or discharge at its nominal capacity. Short-term
storage, such as capacitors and flywheels, has an energy-topower ratio of less than 1 h and is used mainly to maintain
power quality for seconds or minutes. Medium-term storage,
which includes most batteries, has an energy-to-power ratio
between 1 and 10 h and is suitable for peak shaving and time
shifting. Long-term storage, such as PtG, has energy-to-power

ratios exceeding 10 h and can be suitable for energy management, seasonal storage or unit commitment operation.
The large range in duration of charging events observed in
this study may be best served by more than one storage
technology. Existing alkaline electrolysers, the most common
and lowest cost variety, are slow to reach steady operating
temperature [42,43], have exhibited problems when powered
by a variable source [36,42,43], and cannot turn down operation below approximately 20% of their rated capacity
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Annual hydrogen productions for the Reference Scenario
configurations are shown in Table 4 and range from
16e408 ktH2. Globally, over 50 million tonnes of hydrogen are
produced annually, mainly from fossil fuels [73]. Electrolysers
account for just 4% of global production, or approximately
2 Mt [62]. Configuration 4 of the Reference Scenario would
generate 20% of the current global production of hydrogen by
electrolysis. This represents a significant build-out of electrolyser capacity in a relatively small jurisdiction.
One of the principal opportunities of PtG is leveraging the
natural gas grid for storage, but there are limits to how much
hydrogen can be accommodated. Studies suggest concentrations between 1 and 20% by volume are possible before the
blend adversely impacts end-use devices such as household
appliances, public safety, or durability of the existing natural
gas network [74e76]. Annual average hydrogen concentration
in Alberta's extensive natural gas grid from these configurations would be less than 5% and suggests PtG integration with
the gas grid at this scale may be feasible (see Table 4). Details
of the analysis can be found in Supplementary Material.
The annual average concentrations presented in Table 4
suggest feasibility, but there are factors that could lead to
hydrogen concentrations that are significantly higher than
these averages. Firstly, hydrogen production by the electrolysers will vary throughout the year. Annual utilisation of the
electrolysers for the Reference Scenario configurations is between 30 and 59%. With the exception of Configuration 4,
Fig. 11 shows that most of the hours of operation are at full
power. This behaviour can also be seen by the “electrolysed”
area of the RLDCs in Fig. 9. This means instantaneous

Table 4 e Hydrogen generation and average
concentration in Alberta's natural gas grid for the four
configurations.

1
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Configuration 1
Configuration 2
Configuration 3
Configuration 4

0.75
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0.25
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8000
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Fig. 11 e Utilisation duration curves of electrolysers
configurations in the Reference Scenario.

Hydrogen and the natural gas grid

Configuration

1

Fraction of electrolyser capacity

[42,51,36,71]. Nonetheless, continued development of alkaline
electrolysers may increase their flexibility to sufficiently
manage VRE generation [51,72]. Polymer electrolyte membrane (PEM) electrolysers exhibit much greater flexibility in
terms of response time and minimum load and would be
suitable for the medium-term storage events [36,42,62]. PEM
electrolysers are relatively new commercially and likely
require cost reductions as well as efficiency and longevity
improvements to compete with battery storage technologies
for this type of storage duty [36,62]. Storage technologies other
than PtG for medium-term duty would likely decrease the
total storage capacity required to meet the 80% target in this
study because of higher round-trip efficiencies. This would be
an interesting topic for future research.

Annual H2
generation

Average annual H2
concentration

[MtH2]

[vol%]

0.016
0.142
0.247
0.408

0.17%
1.47%
2.55%
4.21%

hydrogen production could be two or three times the annual
average. Secondly, natural gas production and system flows
vary throughout the year, and times of lower flows will cause
higher relative concentrations. Dedicated hydrogen storage
near electrolyser plants such as cavern storage could be used
to buffer these injection rates.
Another important consideration is the injection points of
hydrogen into the natural gas grid. The listed concentrations
assume injection of hydrogen such that the concentration is
uniformly mixed with natural gas. While electrolysers can be
distributed around the electrical and natural gas grids,
discrete PtG infrastructure will result in non-uniform
concentration.

Resource diversity impacts
The geographic diversity of wind and solar, and the relative
capacity mix has an impact on the capacities required to
achieve high VRE penetration. To compare across the other
scenarios, the electrolyser capacity is fixed at 20% of the
average system demand (the same as Configuration 3 of the
Reference Scenario). For each wind and solar scenario the VRE
capacity is determined as that which results in 80% VRE
penetration. Fig. 12 reveals that all of these scenarios require
more VRE capacity than Configuration 3 in the Reference
Scenario.
Concentrating wind capacity in the location with the best
resource, as simulated in the Concentrated Wind scenario,
requires 16% more VRE capacity compared to Configuration 3
of the Reference Scenario in which wind is distributed evenly
around the regions (Fig. 12). Diversity of locations of wind
farms smoothes the aggregate generation profile, causing
flatter generation duration and RLDC curves, indicating that
more VRE is captured, both directly and via storage. The
benefit of wind diversity to system balancing requirements
has been studied previously [66,77]. The current study shows
additional benefits of geographic distribution for systems with
very high VRE penetrations and storage.
While geographic diversity of wind farms decreases
required VRE capacity, geographic diversity of solar PV does
not have the same benefit. The Rooftop Solar scenario, in
which 50% of the PV capacity is in fixed rooftop systems,
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Fig. 12 e (a) VRE capacity required for 80% VRE penetration with an electrolyser capacity of 3.06 GW. (b) The associated
curtailed energy in each scenario.

Table 5 e System performance of Reference Scenario configuration 3 under different wind years.
Wind year

Annual
capacity
factor
[%]

Low (2014)
Average (2013)
High (2011)

31.2%
35.7%
41.3%

Electrolyser
utilisation
factor

Charging Curtailed
events
energy

[% full load hours] [# events]
39.5%
45.3%
50.4%

469
448
437

[TWh]
22.1
25.3
31.6

requires 7% more VRE capacity than Configuration 3 in the
Reference Scenario with the same electrolyser capacity. This
can be attributed to the relatively limited East-West distribution of solar sites and to the loss of generation potential from
using fixed systems compared to single-axis installations.
Solar generation is driven predominantly by its diurnal
pattern, and requires greater distances or unique regional
phenomenon to benefit from geographical diversity at this
hourly time scale.
The High Solar Fraction scenario (35% wind and 65% solar,
by capacity) requires 26% greater total VRE capacity than
Configuration 3 in the Reference Scenario to achieve 80% VRE
penetration. This is due to the low capacity factor of solar
relative to wind, and to the generation profile of solar. Solar
has a steep generation duration curve with many hours at or
near maximum output, resulting in a RLDC with many highly
negative hours. This leads to the high level of curtailment
shown in Fig. 12. These results are consistent with work by
Heide et al., who modelled a highly renewable Europe and
concluded that a wind-to-solar energy ratio greater than one
reduced storage requirements [60].
The annual resource quality of wind can impact a system's
ability to reach its renewable targets. As seen in Table 5,
Configuration 3 of the Reference Scenario simulated with a
Low wind year does not meet the 80% target, while a High
wind year results in nearly 84% penetration. Table 5 shows
that the relative change in energy from storage between the
scenarios e approximately 10% e is quite significant. The
difference in stored energy comes from charging events lasting longer than 12 h, which can be seen in Fig. 10 (b). In the
Low wind year, 11% of the annual stored energy comes from
events lasting longer than 24 h. This is compared to 33% in the
High wind year, in which one event lasts nearly five days.

Energy from
VRE direct (Ed)

Energy from
storage (Es)

VRE penetration
(Fvre)

[% annual energy] [% annual energy] [% annual energy]
72.3%
76.1%
79.3%

3.5%
4.0%
4.4%

75.8%
80.1%
83.8%

Conclusions
This study explores the relationship between VRE and electrolyser capacity, and electrolyser operation under high
renewable energy system penetrations. The system investigated in this research represents the electric power system in
the Canadian province of Alberta with 80% VRE energy penetration in the year 2050. This study uses the simplified representation of the Alberta electricity system and PtG storage. A
time-varying electricity demand is met by wind, solar PV,
and/or CCGT generators and delivered by the electrical grid.
The PtG storage system has three main components: charger,
reservoir, and discharger. In our model, the charger is an
electrolyser that operates on excess wind and solar generation
to produce hydrogen. The reservoir is a proxy for the natural
grid, which we assume to be extensive and thus model it
simply as an unlimited reservoir for hydrogen.
We show that, for a system with 80% VRE penetration, PtG
storage can reduce VRE capacity by 23% and curtailment by
87% compared to a system without storage. The overall system capacity benefits of including electrolyser capacity are
maximized with initial deployments; defined by associated
reduction in VRE capacity required to achieve 80% penetration. Incremental electrolyser capacity results in decreasing
VRE capacity reductions; however it significantly reduces
curtailment.
Analysis of storage operation reveals charging events
lasting from 1 h to several days. Events lasting 12 h and longer
contribute most of the annual stored energy, demonstrating
the value of long-term storage such as PtG. On the other hand,
the large number of charging events lasting less than 12 h
suggests that medium-term storage technologies such as
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batteries, or flexible PEM electrolysers for PtG, may be more
appropriate for some of the storage duty.
The hydrogen generated by the systems in this study is
between 1% and 20% of the current annual global production
of hydrogen by electrolysis; which would be a considerable
feat for a small jurisdiction. If injected into Alberta's natural
gas grid, the annual average hydrogen concentration would be
less than 5%; below the suggested maximum level of blending
before adverse effects. Other jurisdictions may require alternative PtG possibilities to avoid high hydrogen concentrations, such as methanation, fuel cell vehicles, or industrial use
of the hydrogen.
Geographic diversity of wind farms is shown to reduce the
VRE capacity required to achieve 80% penetration, however,
the same benefit is not found for solar PV. Increasing the solar
fraction of total VRE capacity from 50% to 65% requires additional VRE capacity to reach 80% penetration. A system
designed to achieve 80% penetration in an average wind year
is shown to reach 76% penetration in a low wind year, and 84%
penetration in a high wind year.
This study has provided a high-level, simplified analysis of
the opportunity and challenges associated with meeting high
renewable penetrations with PtG. Further research regarding
the temporal concentrations of hydrogen, costs of generation
and storage capacity, and alternative or complementary
storage technologies would provide valuable insights.
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