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Abstract

The cost of large scale hydrogen production from electrolysis is dominated by the cost of electricity, representing 77-89 % of
the total costs. The integration of low-cost renewable energy is thus essential to affordable and clean hydrogen production from
electrolysis. Flexible operation of electrolysis and hydro power can facilitate integration of remote energy resources by providing
the flexibility that is needed in systems with large amounts of variable renewable energy. The flexibility from hydro power is limited
by the physical complexities of the river systems and ecological concerns which makes the flexibility not easily quantifiable. In this
work we investigate how different levels of flexibility from hydro power affects the cost of hydrogen production.

We develop a two-stage stochastic model in a rolling horizon framework that enables us to consider the uncertainty in wind
power production, energy storage and the structure of the energy market when simulating power system operation. This model is
used for studying hydrogen production from electrolysis in a future scenario of a remote region in Norway with large wind power
potential. A constant demand of hydrogen is assumed and flexibility in the electrolysis operation is enabled by hydrogen storage.
Different levels of hydro power flexibility are considered by following a reservoir guiding curve every hour, 6 hours or 24 hours.

Results from the case study show that hydrogen can be produced at a cost of 1.89 e/kg in the future if hydro power production
is flexible within a period of 24 hours, fulfilling industry targets. Flexible hydrogen production also contributes to significantly
reducing wasted energy from spillage from reservoirs or wind power curtailment by up to 56 % for 24 hours of flexibility. The
results also show that less hydro power flexibility results in increased flexible operation of the electrolysis plant where it delivers
39-46 % more regulating power, operates more on higher power levels and stores more hydrogen.
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1. Introduction

In 2015, 96% of all hydrogen production was based on fossil
energy sources such as natural gas, coal and oil, resulting in a
significant carbon footprint[1]. Natural gas is the largest energy
source for fossil hydrogen production with 46 % of the global
market. To reduce the carbon footprint of hydrogen production
from natural gas, CO2 can be captured from the production pro-
cess using steam-methane reforming (SMR). SMR has a typical
capture rate of 90% of the produced CO2, reducing emissions
from 9.26 to 0.93 kg CO2/ kg H2 according to case studies by
the National Renewable Energy Laboratory (NREL) [2]. NREL
estimates the current prices of large-scale hydrogen production
from natural gas with with carbon sequestration at 340 ton/day
to be 1.56 $1/kg in 2015, for a plant starting up in 2040 the
costs increase to 1.72 $/kg H2 due to higher feed stock costs as
a result of higher natural gas prices.

The other commercial option for hydrogen production is to
produce hydrogen by electrolysis, using either alkaline, proton
exchange membranes (PEM) or solid oxide (SO) electrolysis

1Monetary values from NREL cases are in 2016 dollars

[3]. Alkaline and PEM electrolysis are mature technologies,
while SO is still in the R&D-phase. The carbon footprint of
hydrogen produced from electrolysis depends on the emissions
of the electricity source, if the electric power used for the elec-
trolysis is renewable, such as solar, wind or hydro power, the
hydrogen has a very low carbon footprint.

The largest electrolysis plant for hydrogen production in-
stalled in history was used to produce ammonia for use in fer-
tilizer at Rjukan in Norway with a capacity of 60 ton/day [3],
which would amount to about 130 MW of electric load using
today’s alkaline electrolysers. Currently an electrolysis plant
is under planning in connection to Rhineland refinery in Ger-
many and will be the largest electrolysis plant in the world for
hydrogen production with a capacity of about 3.6 ton/day [4].

Small scale wind-hydrogen systems are extensively studied
in the past and several test facilities are in operation as for
example at Utsira in Norway [5] and other countries such as
United States, Canada, Germany, Italy, Finland, United King-
dom, Japan, and Spain [6]. Different types of systems exist with
different purposes, ranging from pure energy storage systems as
at Utsira where hydrogen is stored and used in fuel cells to gen-
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Nomenclature

Indices

i, j Bus

s Second stage node

t Time stage

Parameters

∆ Price addition for import [e/MW]

ηd/s Conversion factor, power to hydrogen [MWh/Nm3],
directly or via storage

λs
t Day-ahead price [e/MWh]

ρs Probability of wind power scenario

Cd
t Cost for deviating from schedual [e/MWh]

Cr/i Cost of rationing [e/MWh] or hydrogen import
[e/Nm3]

Cv+/v− Cost for violating end reservoir level [e/MWh]

Dti Electricity demand [MWh]

Emax
i Capacity of electrolysis plant [MW]

HD
t Hydrogen demand [MWh]

Hmax
i Capacity of hydrogen storage [Nm3]

Iti Inflow to hydro power reservoirs [MWh]

Pmin/max
ti Min or max power production [MW]

Pw
tis Wind power scenario [MWh]

S re f Reference power for the system [MW]

T max
i j Transmission capacity from bus i to j [MW]

V0/max
i Initial volume or max capacity for reservoir [MWh]

Xi j Reactance between bus i and j [p.u.]

Sets

B All buses

Ci Buses connected to bus i by transmission lines

H ,W,P,H2 Hydro power, wind power, all power plants or
hydrogen plants

M Market Bus

N Normal buses (excl. market bus)

S Wind Power Scenario

T Time stages

Variables
δtis Voltage phase angle at bus

ctis Energy curtailment [MW]

dexp/imp−/+
tis Negative/ positive change in export/ import

[MW]

dH2−/+
tis Negative/ positive change in hydrogen production

[MW]

dhydro−/+
tis Negative/ positive change in hydro power produc-

tion [MW]

fti js Power flow from bus i to j [p.u.]

hd
tin Hydrogen directly from electrolysis [Nm3]

himp
tis Hydrogen imported/ not served [Nm3]

hp
tin Hydrogen to storage [Nm3]

hs
tin Hydrogen from storage [Nm3]

htin Hydrogen storage level [Nm3]

pimp/exp
tis Power import or export [MW]

ptis Production [MW]

rtis Rationing of power [MW]

stin Spillage/ bypass of water [MWh]

v+/−
n Violation of end reservoir level [MWh]

vtin Reservoir level [MWh]

erate electricity at a later time to systems where hydrogen is
produced as a product for use as fuel or in industrial processes
known as power-to-gas [7]. Hydrogen storage solutions are in-
creasingly considered as alternative to electric power grid up-
grades in rural areas with weak or no grid connections such as
the islands communities along the Norwegian Coast, the Faroe
Islands and Svalbard [8, 9, 10, 11].

For a large-scale electrolysis plant built in 2015 with PEM
electrolysers and a production capacity of 50 ton/day the hydro-
gen production cost estimated by NREL was 5.18 $/kg, while
a for a plant built in 2040 it is 4.48 $/kg. The expected reduc-
tion in hydrogen production cost is due to a reduction in total
capital costs of about 60 %, whereof the cost of electrolysers
are assumed to be reduced from 900 to 400 $/kW in line with
observations and expert expectations [12]. The share of the to-

tal production costs that arise from electricity consumption thus
increase from 77.2 % to 88.5%, while the electricity price is as-
sumed not to be significantly different in this case. This shows
that the price of hydrogen production from electrolysis is going
to be even more heavily influenced by the electricity price in
the future as the capital cost of electrolysis is reduced [13]. The
US Department of Energy (DoE) estimated the cost of alkaline
electrolysis to be 4.75 $/kg in 2011 and set targets of 3.47 and
2.32 $/kg in 2015 and 2020 respectively. The DOE cost targets
for hydrogen production include a significant reduction in elec-
tricity price from to 0.073 $/kWh in 2011 to 0.057 and 0.036
$/kWh for 2015 and 2020 respectively[14].

To lower the cost of electrolytic hydrogen production the
electrolysis facility need to be located in a area with low elec-
tricity costs. The cost of renewable energy technologies such as
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wind and solar power has dropped significantly the latest years
and are now competitive with producing electricity from coal
and other fossil sources [15]. The areas with the best condi-
tions for producing renewable electricity is often located far
from consumers and are not developed due to the large costs
of constructing transmission lines [16]. This creates areas with
low-cost clean electric energy that is ”trapped” due to it’s loca-
tion and insufficient transmission infrastructure such as west-
ern China [17], the North-Sea region [18] or western Texas
[13]. Producing hydrogen in these areas can be a way to uti-
lize these energy sources without building costly transmission
lines [19, 20, 21]. However, there are still are significant costs
associated with transporting hydrogen to consumers, but it can
be done in a more flexible way in the form of gaseous hydrogen,
liquefied hydrogen or ammonia on ships, trucks or in pipelines.

To produce hydrogen in an area with a lot of intermittent re-
newable energy we need extra electrolysis capacity and hydro-
gen storage. Hydrogen storage allows the hydrogen production
plant to run flexibly to counteract the variations in electricity
produced from renewable sources [22]. This flexibility allows
for integration of more renewable energy, has significant value
to the electric power system [23] and is a popular topic in elec-
tric power system research [24].

Rolling horizon is a framework for optimization models
where the same model is solved sequentially with a constant
horizon, the parameters are updated and are dependent on the
solution of the previous instance of the model. This frame-
work is frequently used when studying integration of renew-
able energy and the regulating market. The sequential tempo-
ral structure of the rolling horizon framework is a realistic way
to simulate how energy markets work in practice and gives a
good representation of the challenges arising from renewables
resulting in more uncertainty in power system operation [25],
flexible hydrogen production [26] or energy storage manage-
ment [27]. Rolling horizon based models are more computa-
tionally tractable than more sophisticated scenario-tree based
models that often requires parallel computing on high perfor-
mance computers to allow for detailed modelling of large power
systems [28].

The value of flexible hydrogen production is dependent on
other sources of flexibility in the power system. In systems
dominated by hydro power with reservoirs there are potentially
a lot of available flexibility as water can be stored for later.
However, it is not obvious to which extent hydro power pro-
ducers will be able to deliver flexibility due to the complexity
of the waterways, variation in inflow and grid constraints. In
this paper, we investigate the impact short-term hydro power
flexibility has on the value of flexible hydrogen production.

The rolling horizon modelling framework presented in this
paper is a further development of previous work [29] and in-
cludes the combination of power flow, long-term hydro power
storage and short-term hydrogen storage in addition to short-
term wind power uncertainty. In this work we focus on shorter
term uncertainties, and leave out the long-term uncertainty and
some of the modelling details. The long-term uncertainty can
have a significant impact on the the hydro power strategies, but
the problem would be intractable when considering both long
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Figure 1: Example of a quantile forecast. The different colors represents prob-
ability intervals for the wind power production for a given hour ahead in time.
The green line represents the actual production that occured.

and short-term uncertainties in the same optimization model.
The market structure of the current electric power system is in-
cluded, modelled as a two-stage optimization problem with a
day-ahead market and a simplified model of the real-time bal-
ancing market. The regional power system is modelled with a
detailed grid description, including electric loads, hydro power
plants, wind power plants, and a facility for large-scale electrol-
ysis and hydrogen liquefaction.

In Section 2 we explain the main parts of the model, which
can be grouped into three parts; how the wind power scenarios
are generated, the two-stage optimization model and the rolling
horizon framework. The case study of a remote area in northern
Norway is presented in Section 3. In Section 4 the results from
the case study are presented and discussed, while the conclu-
sions are given in Section 5.

2. Method

2.1. Wind Power Forecasting

Numerical weather predictions and historical observations of
produced wind power are used to create quantile forecasts as
shown in the example in Figure 1. This is done by using wind
speeds and directions from weather forecasts made by The Nor-
wegian Meteorological Institute [30] and recorded production
by the Norwegian Water Resources and Energy Directorate [31]
in a local quantile regression algorithm as described in detail in
[32]. The local quantile regression is formulated as a linear
optimization problem as described in [33] and solved. One op-
timization problem has to be solved for each wind power plant,
quantile and lead-time resulting in solving a lot of small opti-
mization problems for making one quantile forecast.

From the quantile forecast we can sample wind power sce-
narios [34], in short we use the historical production records
to create a correlation matrix for spatial and temporal correla-
tions and sample scenarios from a multivariate normal distri-
bution which is transformed into wind power scenarios using
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Figure 2: Illustration of the input data, modelling steps and rolling horizon framework

the culumative gaussian normal distribution and the cumulative
distribution function (cdf) of the quantile forecasts.

2.2. Rolling Horizon Framework

For each day in the rolling horizon algorithm an two-stage
optimization problem is solved. The two stages are replicat-
ing the structure of the Nordic electric power market [35] and
are illustrated in Figure 2. In the first stage, we are follow-
ing a production schedule that was made the day before, while
making the needed adjustments as one would in the regulating
power market to balance supply and demand of electricity. The
hour-to-hour adjustments to the production schedule comes at
a higher cost, representing a premium of readiness related to
costs that arise for delivering power on short notice [36].

The production schedule that is followed in the first stage
represents the day-ahead market bids, where producers make
a optimal dispatch based on the information they have the day
before the actual operational day. We assume that the producers
are risk-neural, such that the day-ahead generation schedule is
the one that gives the lowest expected costs considering a set of
scenarios for wind power production.

The production schedule for the next day is represented by
the first 24 hours of the second stage. This schedule is sent to
the next two-stage problem as the rolling algorithm moves on to
the next iteration. The consecutive two-stage problems are con-
nected through these production schedules, the storage levels in
the hydrogen storage and reservoirs, which are passed between
them in the rolling horizon algorithm. In this way the rolling
horizon algorithm rolls though the year, with a separate two-
stage problem representing each day where they all are con-
nected by passing on information about generation schedules
and storage levels. This gives a realistic representation of how
the system is operated as it preserves the chronology of infor-
mation, such as how much wind power we expect tomorrow at
a given instance in time.

2.2.1. Long-Term Strategy
As hydro power reservoirs can store water for many years

the short-term scheduling horizon of the rolling horizon model,
which is in the range of several days to a couple of weeks, is too
short to determine a good reservoir operation strategy. Thus

Figure 3: Example of the reservoir level following the guiding curve for long-
term hydro power management.

a long-term strategy needs to be a input to the rolling hori-
zon model, there are several ways to implement this strategy
and here we use guiding curves as shown in Figure 3, mean-
ing an input reservoir level that has to be reached at specified
times e.g. the end of the day. This gives the rolling horizon
model the opportunity to use hydro power as a source of flexi-
bility in the short-term, while also considering a long-term strat-
egy. The intra-day variations from the guiding curve look small
due to the large amount of energy stored in the reservoir, but
have a significant impact on the result. A more sophisticated
method would be to use a water-value matrix [37, 38], setting
the marginal value of the water at different times and reservoir
levels, but this is more complicated and not the focus of this
work.

The combination of modelling short-term stochastic proper-
ties of renewables and flexibility from resources with both short
and long-term storage in a tractable way separates this work
from previous work on integration of renewables or hydrogen
production, that usually focus either on short-term dynamics or
long-term trends.

2.3. Regional Power System Operation

The mathematical formulation of the two-stage optimization
problem is presented in the following equations. The objective
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is given in Equation 1 and represents the optimal operation of a
region of the power system. The objective is to find a solution
that minimize the operational costs of supplying regional elec-
tric and hydrogen loads that are given by load-profiles. This is
equivalent to maximizing the profit from selling power to the
rest of the system, represented by the market bus (i = 0). For
simplicity of notation the first stage is included in the set of
scenarios or nodes with a probability of one (ρ0 = 1).

max
∑
s∈S

ρs

[∑
t∈T

[
λs

t pimp
t0s − (λs

t + ∆)pexp
t0s −

∑
i∈N

Crrtis −
∑
i∈H2

Cihi
tis

−
∑
i∈H∈

Cd
t (dH2−

tis + dH2+
tis ) −

∑
i∈H

Cd
t (dhydro−

tis + dhydro+

tis )

−
∑
i∈M

Cd
t (dexp−

tis + dexp+

tis + dimp−
tis + dimp+

tis )
]

−
∑
i∈H

(Cv+v+
is + Cv−v−is)

]
(1)

In the two first terms of the objective function we have the
power price, λs

t , times imports to, pimp
t0s , and exports from, pexp

t0s ,
the market bus, meaning income from exports from the system
and costs of imports to the system respectively. An additional
margin, ∆, is added to the power price for importing power to
represent grid tariffs. The electric and hydrogen loads within
the region have to be served, in the case the required load cannot
be served penalties are included for rationing power, rtis, and
rationing/ importing hydrogen from other sources, hi

tis, in the
third and fourth term. The cost of deviating from the produc-
tion schedule for the controllable units, hydro power, dhydro−/+

tis ,
hydrogen loads, dH2−/+

tis , and import or export to the market bus,
dexp/imp−/+

tis , are included in the fifth, sixth and seventh term of
the objective function. The final part of the objective function
ensures that at the reservoir levels follow the long-term strategy
described by the guiding curves for the hydro power reservoirs
at specified times, any deviation, v−/+is , from the specified reser-
voir levels results in a penalty in the objective.

ptis + ctis = Pw
tis ∀i ∈ W,∀t ∈ T ,∀s ∈ S (2)

Wind power, Pw
tis, cannot be stored and has to be used for

production of electricity, ptis, when available or curtailed, ctis,
as stated in Equation 2.

vtis = v(t−1)is − ptis − stis + Iti ∀i ∈ H ,∀t ∈ T ,∀s ∈ S (3)

v0is = V0
i ∀i ∈ H ,∀s ∈ S (4)

vTis − v+
is + v−is = Vcurve

T,i ∀i ∈ H ,∀s ∈ S (5)

Hydro power plants often have reservoirs and can store water
to be used later, this is governed by the reservoir balance in
Equation 3, where the reservoir level at the end of an time-step,
vtis, is equal to the reservoir level at the end of the previous
time-step, v(t−1)is, minus production, ptis, and spillage, stis, plus
the inflow to the reservoir, Iti. The initial reservoir level, v0is,

is known and set by Equation 4 while the end reservoir level,
vTis, should follow the long-term strategy given by the guiding
curve, Vcurve

T,i , as stated in Equation 5 or penalties will occur in
the objective function.

htis = h(t−1)is + hp
tis − hs

tis ∀i ∈ H2,∀t ∈ T ,∀s ∈ S (6)

hd
tis + hs

tis + hi
tis = HD

tis ∀i ∈ H2,∀t ∈ T ,∀s ∈ S (7)

The hydrogen plant also has a storage which is governed by
the hydrogen storage balance in Equation 6. This is similar to
the reservoir balance for hydro power reservoirs, the main dif-
ference is that loading of the hydrogen storage is governed by
a decision variable for hydrogen production to storage, hp

tis, as
compared to the inflow in the reservoir balance which is a pa-
rameter and thus not controllable. Equation 7 is the hydrogen
balance and makes sure the required amount of hydrogen is sup-
plied to the hydrogen load, HD

tis, either directly from the elec-
trolyser, hd

tis, from storage, hs
tis, or imported from other sources,

hi
tis, at high costs.

∑
j∈Pi

pt js − η
dhd

tis − η
shp

tis − pexp
tis

+ pimp
tis + rtis = Dti ∀i ∈ N ,∀t ∈ T ,∀s ∈ S (8)

The energy balance is shown in Equation 8 and states that
produced energy from all sources connected to a bus plus im-
ported electricity, pimp

tis , has to be equal to the electricity needed
to cover normal electric demand, Dti, exported electricity, pexp

tis ,
and electricity for hydrogen production, ηshp

tis and ηshp
tis. If this

is not the case, demand has to be rationed, rtis, which repre-
sents a high cost. The energy demand for hydrogen production
is divided into two parts, hydrogen produced directly to the hy-
drogen load, hd

tis, or hydrogen produced to storage, hp
tis, as hy-

drogen produced to storage demands more energy per unit of
hydrogen due to compression to higher pressure.

dH2−

tis − dH2+
tis = ηd(hd,plan

ti − hd
tis)

+ ηs(hp,plan
ti − hp

tis) ∀i ∈ H2,∀t ∈ T ,∀s ∈ S
(9)

dhydro−
tis − dhydro+

tis = pplan
ti − ptis ∀i ∈ H ,∀t ∈ T ,∀s ∈ S

(10)

dexp−
tis − dexp+

tis = pexp,plan
ti − pexp

tis ∀i ∈ M,∀t ∈ T ,∀s ∈ S
(11)

dimp−
tis − dimp+

tis = pimp,plan
ti − pimp

tis ∀i ∈ M,∀t ∈ T ,∀s ∈ S
(12)

In Equation 9 and 10 variables are used to account for posi-
tive and negative deviations, dhydro−/+

tis or dH2−/+
tis , from the pro-

duction schedules for hydro power production and hydrogen
demand, pplan

ti or hd,plan
ti . Similar, Equation (11) and (12) ac-

counts for deviations from the schedules for import, dimp+

tis , and
export, dexp+

tis , from or to the market bus. In the first stage the
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production schedules are a parameter-input from the previous
run of the two-stage model, while for the second stage the pro-
duction schedules are variables that are common for all scenar-
ios (no s in the subscript) and determined by the optimization.

pexp
ti − pimp

ti = S re f
∑
j∈Ci

fti j ∀i ∈ B,∀t ∈ T ,∀s ∈ S (13)

fti js =
1

Xi j
(δtis − δt js) ∀ j ∈ Ci,∀t ∈ T ,∀i ∈ B,∀s ∈ S

(14)

The nodal flow balance in Equation 13 states that the sum
of all power flows, fti j, from a bus is equal to net power in-
jected into the grid at that location, ie. the difference between
power exported, pexp

ti , and power imported, pimp
ti . The power

flow on each individual transmission line is dependent on the
differences in voltage angle, δtis, between the two buses and the
inverse of the line reactance, Xi j, as described by the dc power
flow equation in Equation 14. The dc power flow equations
are linearized versions of the full ac power flow equations and
are widely used to represent power flow in large power sys-
tem models [39]. Equation 15 to 19 states the upper and lower
bounds for reservoir level, produced power, electrolyser power,
hydrogen storage level and line flow.

0 ≤ vtis ≤ Vmax
i ∀i ∈ H ,∀t ∈ T ,∀s ∈ S (15)

Pmin
ti ≤ ptis ≤ Pmax

i ∀i ∈ H ,∀t ∈ T ,∀s ∈ S (16)

0 ≤ ηdhd
tis + ηshp

tis ≤ Emax
i ∀i ∈ H2,∀t ∈ T ,∀s ∈ S (17)

0 ≤ htis ≤ Hmax
i ∀i ∈ H2,∀t ∈ T ,∀s ∈ S (18)

− T max
i j ≤ fti jsS re f ≤ T max

i j ∀ j ∈ Ci,∀i ∈ B,∀t ∈ T ,∀s ∈ S
(19)

The model is implemented in Python using the PYOMO op-
timization package and solved with the GUROBI optimization
solver. We run the model on a Dell Latitude E7470 laptop and
the typical solution time is 6-7 hours for the case study.

3. Case study

The rolling horizon model is used in a case study for large-
scale hydrogen production in Finnmark, northern Norway. The
Region is illustrated in Figure 4 and has a constrained grid con-
nection towards the south of Norway where most of the con-
sumption is located. This region is a favorable region in Nor-
way for on-shore wind power, but most of its potential is not
developed due to transmission constraints. The installed wind
power in this case study is set to be three times the present
capacity. The hydrogen production facility is placed in bus 6
where there is currently a facility for production of liquefied
natural gas. An overview of power plants, electric loads and
transmission capacities are given in Table 1 and 3 based on data
from the Norwegian Natural Resources and Energy Directorate
[40] and Statistics Norway [41].

Figure 4: Illustration of the case study in Finnmark, northern Norway. Hydro-
gen production is located in node 6 with electrolysis, SMR and liquefaction.
Buses 1, 5, 8 and 9 have wind farms and buses 1, 2, 4, 8 and 9 have hydro
power plants. The size of the symbols indicate the installed capacities of each
technology. The Transmission lines are colored with the average branch utiliza-
tion.
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Electric loads and market prices in the market bus are rep-
resented by historical data for 2015 from Nord Pool [42]. The
total profiles for all available energy, wind and inflow, and de-
mand, electricity and hydrogen, is shown in Figure 5. Weekly
average wind power and electric load has a clear correlation
with lower levels in the summer and higher levels in the win-
ter, while hydro power inflow has a characteristic peak when
the snow melts in the spring. The need for both short and long-
term storage is apparent to be able to match the fluctuating wind
energy and the peak in hydro power inflow with the demand
profiles.

The guiding curves for the long-term hydro reservoir strate-
gies are shown in Figure 6 and obtained from a deterministic
operational model using average daily wind power. The elec-
trolysis plant is assumed to serve a hydrogen demand of 50
ton/day, equivalent to a electric load of 108 MW, which would
make it the largest electrolysis plant in the world for hydro-
gen production only comparable to the decommissioned Rjukan
plant. The hydrogen demand is constant as it goes to a lique-
faction plant that is assumed to be in constant operation.

In this case study we use installed capacities based on re-
sults from an deterministic investment model used for sizing
of electrolysis capacity, hydrogen storage and installed wind
power capacities for a given electric transmission grid scenario
[43]. However, as shown in Table 3, the transmission capacities
had to be significantly increased from the deterministic model
output to avoid rationing as a result of introducing uncertainty
from wind power. More electrolysis capacity is added to in-
clude more flexibility in the system. In summary the electroly-
sis capacity is 150 MW (2 894 kg/h) and hydrogen storage is 9
129 kg. This equals a minimum depletion time of the hydrogen
storage of about 4.4 hours and a minimum filling time of 11.6
hours when considering the constant hydrogen load. The hydro-
gen plant can either serve the hydrogen load directly at a energy
consumption of 51.8 kWh/kg or fill the storage at 53.3 kWh/kg
at 350 bar [44]. The electrolysis plant is assumed be co-located
with hydrogen production from natural gas, where the natural
gas plant produces 450 ton/day based on steam-methane re-
forming (SMR). The hydrogen is liquefied and transported by
ship to a region where energy is needed. The net energy de-
mand for the SMR and liquefaction process is added to the load
profile for bus 6 as a constant load at 164 MW, where the SMR
process includes steam turbines resulting in a surplus of 14 MW
electric power and the liquefaction demand of 178 MW.

Hydro power is allowed to deviate from the guiding curve
within a certain interval of hours depending on the flexibility
level without receiving any penalties as explained above. Six
cases are considered in total by combining three different lev-
els for hydro power flexibility for two different regulating price
premiums (RP). The flexibility intervals are set to 0, 6 and 24
hours and denoted as low, medium or high hydro power flexi-
bility. The regulating price premium is 15 and 30 % of the day-
ahead price both for up and down regulation. It should be noted
that these numbers are set higher than observed in the market
today, which is typically around 10 % [36]. This is due to the
relatively low amounts of wind power in the Nordic area com-
pared to flexible hydro power, but may change as more variable

Table 1: Bus data for the case system. The electricity for hydrogen production
and liquefaction is included in the bus 6 load. Liquefaction represent a constant
load profile amounting to 1436 GWh/yr. The hydrogen production electric load
profile is a result of the optimization with a total electricity demand of 946
GWh/yr.

Bus Wind Hydro Reservoir Inflow Load
Nr. [MW] [MW] [GWh] [GWh/yr] [GWh/yr]
1 10.0 80 224.8 303.6 225.5
2 0.0 85 231.9 363.5 35.1
3 0.0 17.7 46.5 92.3 374.3
4 0.0 145.2 56.7 894.6 22.7
5 200.5 4.2 5.0 16.4 121.5
6 6.7 1.1 0.0 3.0 2570.8
7 0.0 1.7 1.6 16.3 136.6
8 40.0 55.1 168.5 196.6 80.2
9 387.1 78.3 16.1 82.4 680.3
Sum 644.3 468.3 751.1 1968.7 4247.0

Table 2: Parameter input to the model in e/MWh. The electricity price series
in market node is represented by the average value.

Mean electricity price λ̄s 20.44
Rationing Cr 5000
Guiding curve deviation Cv+/v− 50
Hydrogen import Ci 6000
Regulating cost [% of spot price] Cd

t 0.15/0.30

wind power is integrated into the power system and more flexi-
bility is needed for balancing supply and demand of electricity
[35]. The number of wind power samples needed to give a good
representation of the uncertainty is investigated in [45], in this
case study we use 30 wind power samples as more samples in-
crease the solution time without significant improvements of
the solution.

4. Results

The regional power system is almost in net balance with re-
spect to the annual energy use versus production, thus the total
costs are mainly determined by the regulating costs. As regu-
lating penalties occur when using any resource to react to de-
viations from expected wind power production, which are the
same for all cases, there are only small differences of 1.7-3.4 %
in the total costs of the system for the different levels of hydro
power flexibility. These differences are mainly due to the fact
that more energy is wasted when hydro power is less flexible
and can’t react to unforeseen wind power, which leads to more
spillage and curtailment as seen in Figure 7 for the low reg-
ulating price. For increasing hydro power flexibility the total
amount of wasted energy is substantially decreased, compared
to the worst case with no hydro power flexibility the energy
waste is reduced by 28 % and 56 % when increasing the flexi-
bility to 6 and 24 hours. The increase in wasted energy due to
higher regulation prices is smaller and range from 2-9 %.

The total amount of regulating power needed to balance the
system is the same in all the cases, the main difference are how
the regulating power is distributed between the different hydro
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Table 3: Line reactance and capacities for the case system, including an adjustment factor for line capacity compared to a deterministic sizing model.

Line 0, 1 1, 2 2, 3 3, 4 3, 5 4, 7 5, 6 5, 7 7, 8 8, 9
Reactance [p.u] 0.027 0.035 0.046 0.075 0.076 0.147 0.028 0.031 0.048 0.047
Capacity [MW] 307.5 359.0 433.0 109.8 324.8 109.8 426.6 523.6 439.2 411.4
Cap Increase 1.5 2.0 2.0 1.0 1.5 1.0 1.0 2.0 2.0 2.0
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Figure 7: Energy wasted by spilling water from hydro power or curtailing wind
power over the year for the low regulating price. Energy wasted in a model with
perfect foresight of wind power production is subtracted from these numbers
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Figure 8: Regulation by the hydrogen plant for different levels of hydro power
flexibility and regulation price

power plants and the electrolysis. In the low hydro power flexi-
bility case, hydro power is still used for regulation, but at higher
costs as the reservoir levels are deviating from the reservoir
guide curve resulting in penalties. A significant shift of reg-
ulating power from the hydro power plants to the electrolysis is
observed when the hydro power flexibility is reduced as shown
in Figure 8. The increase in regulating power from the elec-
trolysis as a result of less hydro power flexibility is 39-46 % .
Increasing the regulating price results in a reduced amount of
regulating power delivered by the electrolysis plant of 7-11 %.

Figure 9 and 10 shows duration curves for electrolysis power
and storage level, in duration curves the values are sorted from
highest to lowest, this gives a indication on how the compo-
nents are operating. The two most common operational states
of the electrolysis plant is either to operate at maximum capac-
ity or to supply the hydrogen load directly by producing the
exact amount of hydrogen required, as illustrated by the flat
parts of the duration curve in Figure 9. The electrolysis pro-
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Figure 9: Duration curves for the electrolysis power for high and low hydro
power flexibility and regulating prices of 15 and 30 % of the day-ahead price
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Figure 10: Duration curves for the hydrogen storage for high and low hydro
power flexibility and regulating prices of 15 and 30 % of the day-ahead price

duce more hydrogen directly to the hydrogen load when hydro
power can deliver flexibility as this is more efficient by avoiding
compression to higher pressures.

The operation on high power levels increase when hydro
power is less flexible and the electrolysis has to deliver a higher
share of the regulating power. More hydrogen is produced to
the hydrogen storage to be able to react to unforeseen wind
power production, or lack thereof. The higher storage utiliza-
tion can be observed in Figure 10, where the area under the du-
ration curve is larger. The storage is more utilized at all levels,
but especially on intermediate levels to allow for both up and
down regulation. From Figure 9, we see that when the regulat-
ing price is high then the electrolysis produce less the top the
power levels as it is expensive to regulate and energy is rather
curtailed or spilled. As a result the utilization of the hydrogen
storage is also slightly reduced for increasing regulating prices.

In Figure 11 we compare the feedstock costs, i.e. cost of elec-
tricity for hydrogen production, from the cases with the DOE
targets for large scale hydrogen production in 2015 and 2020.
In recent NREL cases for hydrogen production, feedstock in
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Figure 11: Cost of producing hydrogen compared to the DOE targets for 2015
and 2020, the targets are converted from 2007 to 2015 values to adjust for
inflation [46]

PEM electrolysisis currently estimated to represent around 77
% of the cost of hydrogen production at about 3.60 e/kg. In ar-
eas with large amount of renewables the feedstock costs can be
significantly lower, specially if there is hydro power for balanc-
ing the natural variability in renewable power output. Flexible
hydro power production contributes to significantly lowering
the feedstock costs, going from 0 to 6 hours of flexibility re-
sults is a large drop in production costs while going from 6 to
24 hours gives a smaller but still very significant cost reduc-
tions of about 27 %. The lowest cost is about 1.32 e/kg for the
low regulating price, which is lower than the 2020 DOE targets
at 1.46 e/kg (adjusted for inflation to 2015 values [46]). The
feedstock cost is calculated by using the dual value of the hy-
drogen balance in Equation 7, this value represent the marginal
cost of producing one more unit of hydrogen to the power sys-
tem at the location of the electrolysis plant in bus 6. From the
dual value of Equation 8, we get a corresponding average elec-
tricity price of 25.6 e/MWh in bus 6, as a point of reference
the historical average of the energy price in this area was 30.82
e/MWh from 2013 to 2019. The increase in feedstock costs for
higher regulating prices are about 1-5 %.

It should be noted that in all cases the reservoir levels have
some deviations from the reservoir guiding curves at the fixed
points, which affects the cost of hydrogen production. The
reservoir deviation penalty is set by trial and error to be 50
e/MWh and is a signal designed to affect the hydro power strat-
egy without any direct physical meaning. However, it can also
be interpreted as high regulation cost for the hydro power plants
when they deliver additional regulation compared to what the
flexibility in each case allow.

Increasing the installed capacities of wind power, transmis-
sion lines, hydro power generators, reservoirs, electrolysis or
hydrogen storage can further reduce the feedstock costs but this
has to be investigated using an investment model that considers
the capital costs of the different technologies against the opera-
tional benefits. The sensitivity of the feedstock cost to changes
in electrolysis capacity and hydrogen storage is shown in Fig-
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Figure 12: Sensitivities of the feedstock cost for hydrogen production from
changing the storage and electrolysis capacity respectively. Based on the case
with 24 hours of hydro power flexibility that gives the cheapest electrolysis
feedstock costs.

Table 4: Cost of hydrogen production for the case with high levels of hydro
power flexibility, using current and future estimates of capital and fixed O&M
costs.

Current Future DOE - 2020
Capital [e/kg] 0.72 0.31 0.41
Feedstock [e/kg] 1.32 1.32 1.46
Fixed O&M [e/kg] 0.53 0.26 0.21
Total [e/kg] 2.57 1.89 2.08

ure 12 for the case with the lowest hydrogen feedstock costs.
The differences in feedstock costs when changing the hydrogen
storage with +/- 20 % is about 2% in either direction. Reducing
the electrolysis capacity by 20% have a more significant effect
with a 11 % increase in the feedstock costs, while 20 % more
capacity only gives a 3 % reduction in feedstock costs.

If we use the excel tool from the NREL analysis [2] and over-
size the electrolysis plant to fit our case study with a capacity of
(150 MW / 51.84 kWh/kg) · 24 h/day = 70 ton/day, we get the
capital costs and fixed O&M costs shown in Table 4. In the cap-
ital cost we also include an additional 0.02 e/kg for the hydro-
gen storage [29]. The costs are calculated for two cases, where
the main difference is the electrolysis stack cost of 810 and 360
e/kWh for the current and future case respectively. Using the
feedstock cost from this analysis we get a total cost of hydrogen
production of 2.57 and 1.89 e/kg for the present or future case
respectively. As seen from the results, using the current invest-
ment cost results in total cost higher than the DOE target while
future costs results in total costs below the DOE target. This is
still higher than reported cost estimates for hydrogen produced
from natural gas with carbon sequestration at 1.56 $/kg or 1.41
e/kg, which doesn’t include the cost of carbon storage. This
shows that with high levels of wind penetration electrolysis can
get close to the costs of hydrogen production from natural gas
in the future. There is however, several factors that has to be
considered further by performing an investment analysis, such
as the cost of carbon storage and how much wind power it is
economical to integrate before lower electricity prices makes it
unprofitable.
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5. Conclusion

In this work we present a model for optimizing the operation
of a region in the power system with high wind power penetra-
tion and large scale hydrogen production. The model takes into
consideration power flow, energy storage and short-term uncer-
tainty from wind power. The model is based on a rolling hori-
zon framework, use scenarios to represent wind power uncer-
tainty and guiding curves for long-term energy storage strate-
gies.

The value of flexible hydro power on the cost of hydrogen
production from electrolysis is investigated in a case study of a
future scenario of the power system in the Finnmark region in
northern Norway. The flexibility from hydro power is quanti-
fied by allowing the reservoir level to deviate from the guiding
curve within a time range of 0, 6 or 24 hours. The case study
shows how the system is affected by the presence of flexibility
from hydro power and how the electrolysis plant increasingly
delivers flexibility when the hydro power has a tight operating
range.

Increasing levels of hydro power flexibility reduces the lost
energy in the system by up to 56 % with 24 hours of flexibility
compared to no flexibility. Low hydro power flexibility in the
0 hours case causes the amount of regulation delivered by the
electrolysis to increase by up to 39-46 % compared to when
hydro power has high flexibility in the 24 hours case.

The case study shows that flexibility from hydro power is
important for the cost of hydrogen production in power systems
with high levels of wind power penetration. Increasing the time
range in which the reservoir level can deviate from the guiding
curve from 6 to 24 hours results in a reduction in cost from
electricity consumption for the electrolysis of 27 %, from 1.83
to 1.32 e/kg. The lowest total costs at 1.89 e/kg are fulfilling
the US Department of Energy targets for large scale hydrogen
production in 2020, and is close to competing with hydrogen
production from natural gas with carbon sequestration which is
estimated at 1.41 e/kg. It should be noted that our results are
obtained using regulating power price premiums of 15 and 30
% of the day-ahead price which is higher than observed in the
market today.

Significant modifications to the installed capacities found by
a deterministic investment model had to be made to make the
stochastic case study feasible. This shows that short therm un-
certainty should be taken into account when making invest-
ments in systems with high amount of wind power. In future
work the model presented here will be expanded to an invest-
ment model. Additionally the effect of penalties from the guid-
ing curve deviations will be studied more in detail and other
methods for representing the hydro power flexibility that has
lower or more economically correct impact on the objective and
dual values will be tested.
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