WIND /HYDROGEN SYSTEMSFOR REMOTE AREAS—
A NORWEGIAN CASE STUDY
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In relation to a planned wind/H,-demonstration project on an island off the west coast of
Norway, a computer simulation study has been performed. Wind data for the island has
been collected and analyzed to yield a one-year representative wind speed series. This
series has been used as an input in the modeling together with a constructed heat and
electricity load profile for a larger building on the isand. The purpose of the study is to
present solutions on design and control strategy of a wind/hydrogen energy-system for the
building application. An economical model has also been developed and linked to the
output of the system simulation study. Two cases are presented; one where the wind energy
conversion system (WECYS) is dimensioned to exploit the extremely good wind conditions on
the idand and export the surplus energy to the local grid, and another where the
wind/hydrogen-system is operated in a stand-alone mode. Some results from the
economical models for the two cases are presented and recommendations on the design
and operation of the systems are given.

1 Introduction

Hydrogen energy systems based on renewable energy (RE) sources, such as wind, have
been proposed as a means to increase energy independence, improve domestic economies,
and reduce greenhouse gas and other harmful emissions from stationary and mobile
sources. A wind/H,-system comprises a Wind Energy Conversion System (WECS)
connected to the local grid or single application and a hydrogen loop consisting of
electrolyzer, hydrogen storage, fuel cell and power conditioning. To meet future demands
for cleaner transport, hydrogen-filling options may also beinstalled.

In Norway there are some 660 habited islands with atotal of about 140.000 inhabitants (3%
of the population). The majority of these live on larger islands with a well-established
infrastructure for distribution of electricity. However, there are al'so smaller islands far from
the mainland, with long sub-sea transmission lines. Upgrade and maintenance of the
transmission line may prove costly, and a renewable energy system with electricity stored
as hydrogen may be an attractive option in the near future. In addition, a number of remote
installations, such as lighthouses and beacons, which use diesel engine generator systems
(DEGS) or batteries for power generation today, may be an attractive market for hydrogen
technology. Norway also has the highest density of PV/battery-systems for power
generation in recreational cabins. This may also be regarded as a future market for RE/H,-
systems. A full market analysis of the introduction of hydrogen technologies in remote
areas in Norway is not done in this study, but other studies in the literature indicate a
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market potential in Europe of 500 — 700 million USD for micro, small and medium Stand
Alone Power Systems (SAPS) in the midterm (2005) and some 25 billion USD in the long
term [1]. The Greek idands, where DEGS are a main power source, probably have the
largest market segment.

The discussion in this paper is based on a larger feasibility study of a wind/H2-system
located on an island off the west coast of Norway. Specificaly, a consortium consisting of
Aker Elektro AS (of the Aker Maritime group), the regiona utility company (Haugaland
Kraft AS) and Norsk Hydro ASA as coordinator are planning to build a wind/H,-
demonstration system on the island of Utsira. The overall purpose of the present study isto
present a simulation study addressing some of the design issues of wind/H,-energy system
for a building application at Utsira and to see how costs, operation strategy and design is
linked. The energy demand of a planned conference center is used as an input in this study.

The wind/H, energy system discussed in this study consists of a wind energy conversion
system (WECS) connected to the local grid and a hydrogen system consisting mainly of an
electrolyzer, hydrogen storage and fuel cell. The power demand for a specific application
has been assumed, but to meet future demands for cleaner transport, a hydrogen filling
option, isalso considered.

2 Background

Utsira is an isand on the west coast of Norway approximately 18 km west of the city of
Haugesund. Utsira is, with its 250 inhabitants, the smallest municipality in Norway. The
isand of Utsirais at present connected to the mainland grid through a ~17.5 km sub-sea
cable with an operational voltage of 21 kV, while the power on the idand is distributed
through a lower voltage grid (10 kV). The transformer station connecting the low and high
voltage grids has a capacity of 750 kW.

2.1 Project objectives

The objective of the industry led project is to demonstrate hydrogen technology in
combination with wind in order to be able to present solutions for a future market. Thisis
planned done by introducing wind power production capacity scaled up for the energy
demand of the entire island and, in the first phase, install a hydrogen system to meet the
electricity and heat demand of one application; typicaly a commercial or municipal
building on the island.

2.2 CASE 1-600kW WECS, grid-connected oper ation

This case is directly connected to the planned demonstration project and consists of a
WECS with a peak capacity of 600 kW. The annual energy production from an ENERCON
600 kW WECS at the preferred site is far more than needed for the conference center.
However, the proposed hydrogen system is based on modular technology, which in the
future could be expanded to meet the load of more applications at Utsira. The surplus
electricity produced by the WECS will in case 1 result in a reduction of electricity import
from the mainland. It will also alow the idand of Utsirato export el ectricity during periods
with high wind resources.



2.3 CASE 2-230 kW WECS, stand-alone oper ation

In order to compare the wind/H, solution with other conventional systems in a realistic
manner, the energy system of the conference center isin this case operated in a stand-alone
mode. This makes it necessary to reduce the WECS size and increase the electrolyzer and
storage capacity in order to handle both surplus and deficit supply of primary energy
resources. As a reference case Diesal Engine Generator Systems (DEGS) in combination
with aWECS is used as a primary source of electricity. The heat from the DEGS is used to
cover part of the heat load of the conference center and a diesel burner is used to cover the
heat demand up to 100%.

2.4 Wind resources

The wind resource input used in this study is based on data from a meteorological reference
station located at Utsira. Wind speed data at 10 meters have been mapped based on 1980-
2000 data. The WASP software package [2] was used to strip the wind data of shadow
effects, increase the wind speed to those found at the elevation to the WECS hub height,
and introduce terrain roughness and topography effects. Figure 1 shows a 3-D map of the
expected long-term wind resources on the island. The preferred site was chosen on the basis
of expected average wind speed and distance to housing areas. The average wind speed of
the expected long-term data at an elevation of 46 m (hub height) is 10.3 m/s at the preferred
site, which is extremely high. The wind statistics showed that year 2000 was a
representative year with respect to wind resources, and could therefore be used as input in
computer simulations.
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Figurel 3-D map of the expected long-termwind resources at Utsira.



25 User load

In this study, aload profile of the heat and electricity for the planned conference center on
the island has been constructed. The heat and electricity load profiles are based statistical
data on specific power and energy demands for various categories of building types and on
the monthly average temperature on the island. The specific and total annual loads and
energy demands aregivenin Table 1.

Tablel Specific and absolute heat and electricity demand for the conference center. The
area used for calculating the space heating demand is 2500 n?.
Specificload | Specific Peak load Total energy
energy demand
demand
(W/m?) (KWh/m?yr) (kW) (KWh/yr)

Electricity 20 90 50 225000
Heat 50 110 125 275000

In order to represent the correct variations in electricity demand over each day, a daily
profile was established based on typical eectricity demands for lighting, kitchen
applications, ventilation, pumping, refrigeration, etc. The constructed heat and electricity
profiles for the year and the electricity profile for one day in December are shown in Figure
2a and b, respectively. In the constructed load profile the maximum power demand for the
center is about 45 kW. In addition, a hydrogen load profile has been added, as a municipal
car will be run on hydrogen. The hydrogen consumption of the car is set to 0.1 Nm*km and
the driving range to 100 km/week. This gives a hydrogen storage capacity of the car of
1 x 501 bottles at 200 bar. Filling of the car is assumed to take place over night at a rate of
1.7 Nm*h (6 hours total filling time).

26 Cost analysis

The cost analysis in this study is based on the assumed component costs listed in Table 2.
An annuity model is applied with an annual interest rate of 7%. The actua price for a
component with a specific capacity is found by using a scaling-factor. The scaling-factors
are based on general data from other literature studies or specific cost functions in cases
where the manufacturers have supplied prices for a range of capacities. The investment
costs for a component with a specific size or capacity is derived from the following
expression:

=}

l, P,
I P @)
where
lo = Investment costs for the reference component
I = Investment costs for a component with capacity C
Po = Capacity of reference component
P = Capacity of component
n = Scaling factor
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Figure2 a) Annual heat and electricity load profile and b) an example of a daily
electricity profile (December) for the planned conference center.

3 Modeling

A model library of hydrogen energy models (HYDROGEMYS) [3,4] built for a transient
system simulation program (TRNSYS) [5] is used in the computer simulations.
HYDROGEMS is a collection of hydrogen energy models intended for integrated
renewable-hydrogen (RE-H,) energy system simulations. In this study the following
models from the HY DROGEMS library were applied: wind energy conversion systems
(WECYS), diesal engine generator systems (DEGS), advanced akaline water electrolysis,
high-pressure hydrogen gas storage, proton exchange membrane fuel cells (PEMFC),
compressors, power conditioning equipment, and logical control functions.

3.1 Wind Energy Conversion System (WECYS)

The characteristics from two Wind Energy Conversion Systems (WECS) manufactured by
ENERCON GmbH (Germany) were chosen to model the energy generated from the wind
resources. 1) an ENERCON E-30 with a hub-height of 30 meters and with a rated power of
230 kW, and 2) an ENERCON E-40 with a hub-height of 46 meters and a rated power of
600 kW. WECS with lower peak power where modeled by scaling down the power of the
ENERCON E-30 by multiplication with afactor.



Table2  Cost analysis assumptions. If not stated otherwise, balance of plant costs
(BPO) isincluded in the investment costs.
Component Reference | USD / unit Scaling Life- Oo&M Refs
size factor time costs

WECS*! 1500 m* 268 - 20 1.5% [6]
(/m?)

PEM fuel cell 50 kW 3000 0.85 10 2.5% [7]
(/KW)

Alkaline 40 Nm*/h 7660 0.72 30 2.0% [8]

electrolyser (Nm*/h)

Hydrogen storage, | 8700 Nm® 30.3 0.7 20 0.5% [9]

compressed (INm®)

DEGS 24 KW 394 0.66 6 1450 [10]
(/kW) (USD/yr)

Diesel 25m’ 204 0.3 30 - [11]

underground tank (Im°)

Hydrogen burner 12 kw 75 0.7 15 2% [12]
(/KW)

Power 5kw 670 0.7 20 0.5% [13]

conditioning (/kw)

Compressor 10 kW 5880 0.48 10 2.0% [9]
(/kW)

1 Turbine costs only.

3.2 Diesd Engine Generator System (DEGS) and diesel burner

An empirical model that calculates the fuel consumption (L/h) (linearly dependent of power
output) and fuel efficiency (KWHh/L) was applied. The model can either make use of specific
data, or it can be run in a ‘generic mode’ where it extrapolates from a reference curve (40
kW) to any power level in the range 5-500 kW. A simple diesel/oil burner model was also
used. The costs and efficiency was assumed to be the same as for the hydrogen burner.

3.3 Hydrogen system components

The electrolyzer unit modeled was an advanced high-pressure alkaline electrolyzer from
Gesellschaft fir Hochleistungsel ektrolyseure zur Wasser stofferzeugung mbH (GHW) with a
stationary KOH electrolyte (40 wt.%) and a nominal power rating of about 225 kW per
stack at normal operation conditions of 30 bar and 80 °C. An operating range of 20 — 100%
of rated power was set for the electrolyzer — with the idling power at 20%. In the
simulations a pressurized air-H, PEM fuel cell was used. This fuel cell operates a a
temperature of 80 °C and a feed-gas pressure of 3 bar. The model is based on theory and
experimental tests of a series of Nafion 117 membranes [14]. The tests where conducted on
membranes from Ballards Mark 1V fudl cells. It was further assumed that the fuel cell could
handle the fast transients of the load profile. Modeling the H,-storage was done using real
gas equations (van der Waals) for a 205 bar pressure vessel. The model for the compressor
is based on two-stage polytropic compressing with intercooling [15]. The compressor has a
work range from 30 to 205 bar, and the efficiency was set to 80%. A simple model for a
hydrogen burner with an energy efficiency of 95% was aso applied in order to cover the




heat 10ad of the conference center. The power losses in the inverter are accounted for by a
model based on a non-linear relationship between the input and output power [16]. The
efficiency of the inverters at full load typicaly lies around 95%.

4 Resultsfrom case studies

The results from the modeling work presented below firstly deal with the optimization of
the component sizes for the demo-project, and secondly on a possible stand-alone system
(case 2) with a simple, but robust, operation strategy. The optimization criteria have been
the overall costs of the systems in both cases. A few comments on the costs and
environmental issues are aso included.

4.1 CASE 1-600kW WECS, grid-connected operation

In case 1 a600 kW WECS isinstalled in order to prepare for future expansion of the energy
demand covered by wind/H,-systems and to fully exploit the good wind resources at Utsira.
The electrolyzer is operated in such away that the state of charge (SOC) of the H,-storage
unit is kept a a high level to prevent exhaustion in times of low wind resources. The
surplus energy from the WECS, after having served the electricity load and hydrogen
production need, is distributed to the local grid. A maximum continuous operating time in
case of failure or shutdown of the WECS or electrolyzer of 48 and 24 hours of operation of
the conference center on average and maximum heat and electricity demand, respectively,
was assumed. However, the most critical factor that determines the required size of the H,-
storage is the largest expected periods with little or no wind energy input.

4.2 CASE 2 - Stand-alone operation

In an optimized stand-alone operation mode, no energy from the renewable source should
be wasted. Hence, in case 2, the capacities of the electrolyzer and WECS are matched. The
electrolyzer is operated whenever there is extra energy from the WECS exceeding the 20%
limit for idling power. In order not to exhaust the H,-storage or to dump hydrogen, the Ho-
storage unit size has to be increased accordingly. The “safety-limit” on the H,-storage unit
is here set to 2 and 1 weeks of operation on average and maximum heat and electricity
demand, respectively. For the wind/diesel reference case, the WECS may be scaled-down
even further, as no surplus energy is needed for storage of the wind energy as hydrogen.
However, diesel hasto be transported to the idand in aregular manner and the consumption
of diesel increases with decreasing capacity of the WECS.

4.3 Casecomparison and discussion

Figure 3 shows the variation of the SOC for case 1 and 2 over one year of operation and
Table 3 lists the different components sizes optimized with regard to the overal cost of the
system. In case 1, far more energy is produced than needed for the center. In fact some 2.3
GWh of atotal of about 3 GWh produced from the WECS may be exported each year. If
one calculates this as a cost benefit, using atypical electricity price of 0.022 USD/kWh, this
gives an income (or saves electricity expenses) of some 50.000 USD/yr, which could
greatly reduce the annual costs of the system and make the system more competitive. The
maximum capacity of the storage unit is some 7 times higher in the stand-alone case with a
230 kW WECS than in the grid-connected case with the 600 kW WECS. The larger Ho-
storage unit in Case 2 is of course due to the smaller WECS, but also to the fact that the



optimization of operation strategy has to be set so as to prevent dumping of power from the
WECS. Thefilling of the small car contributes only approximately 50 kg of hydrogen on an
annual basis compared to atotal production of hydrogen of 10800 and 15900 kg for case 1
and 2, respectively. The contribution to the component sizes due to the filling option is
therefore negligible in both cases.
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Figure3 SOC of the H,-storage units of case 1 (4000 Nm?®) and 2 (27700 Nn).

Table3 Component sizes optimized with respect to the overall costs of the system for

caseland 2.
Component Capacity

Casel Case?2

WECS 600 KW 230 KW
Electrolyzer 20 Nm°/h 40 Nm*/h
Compressor capacity 3 kW 7 kW
H,-storage (@ 205 bar) 4000 Nm® | 27700 Nm®
PEM fud cell 45 kW 45 kW
Power conditioning 182 kW 270 KW
H,-burner 125 kW 125 kW

Figure 4 shows the distribution of capital costs between the different components for the
two wind/H,-systems. In case 1, with an over-dimensioned WECS, the WECS costs
accounts for around 52% of the investment, which is to some degree returned in terms of
income on exported electricity. In case 2, the Hp-storage unit dominates the investment by
contributing 42.5% of the total.
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Figure4 Distribution of capital costs between the different components for the two
wind/H2-system cases. The total costs amounts to 1.140.000 USD and 1.400.000
for case 1 and 2, respectively.

The wind/diesel reference case isrelated to the stand-alone operation mode of case 2. Table
4 shows the component sizes of the reference case assuming a WECS dimensioned
according to the electricity demand of the conference center. However, the use of DEGS of
course increases the impact on the environment. A total amount of 50.000 liters of diesel
has to be imported per year, which contributes 160 tons of CO, and 840 kg of NOx
(assuming an average thermal efficiency of 40% for the DEGS).

Table4  Component sizes for the wind/diesel reference case with the same WECS size as
for the wind/H, stand-alone system installed. Heat buffer and electrical heater
costs are assumed negligible.

Component Capacity
WECS 60 kW
DEGS 2 X 20 kW
Diesel tank (underground) 50 m°

Diesal burner 125 kW

Figure 5 shows the annual capital depreciation costs (normalized to 20 years depreciation
for all components) and the O&M costs for the wind/H, and wind/diesel stand-alone cases.
The total annual costs for the wind/H,-system are about 4 times as high as for the
wind/diesel-system. This is partly due to the high investment costs of the hydrogen
technology components, but also to the smaller WECS size in the wind/diesel case. The
O&M costs of the wind/diesel-system contribute to almost 70% of the annual costs because
of the need for diesel import.
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Figure5 Comparison of capital and O&M costs of a stand-alone wind/H, (case 2) and
wind/diesel system. The annual capital costs are normalized to an overall
depreciation time of 20 years.

5 Summary and future work

A preliminary techno-economic analysis of a wind/H, energy-system in relation to a
planned demo-project on a Norwegian island has been performed. It is shown that the size
of the hydrogen storage unit is very dependent on the WECS size and the operation mode
of the system. In stand-alone operation the storage unit contributes significantly to the
investment costs. According to the preliminary economical analysis of this study, the
wind/H, stand-alone system has an investment cost four times higher than a comparable
wind/diesel-system.

The size of the H,-storage unit may be reduced by introducing a heat buffer and increasing
the maximum capacity of the WECS. In periods with excess wind resources, the WECS
may then power an eectric boiler, which in turn is connected to a heat buffer. In this
scenario, a H,-burner may then not be needed at all or at least the H, consumption of the
burner may be greatly reduced al depending on whether the control strategy, renewable
input and fuel cell waste heat dictates a redlistic heat buffer size. These components and
control strategy options will be added to the existing models in the near future.

Furthermore, an attractive option for the island case of this study is include heat pumps to
serve the base heat load of the application. The surrounding sea is an ideal source of heat
holding a fairly constant temperature of some 4-12 degrees throughout the year. This
solution is attractive since the need for heat is at its highest during winter time which isalso
the time when the wind resources are at its highest and therefore little waste heat is
available from the fuel cell.



Another option at Utsira could be to utilize the biomass generated on the island either for
heating or also for generation of eectricity and possibly also hydrogen. It is recognized that
for larger hydrogen systems, hybrid solutions, involving a number of heat and electricity
generation techniques, may be the solution on a short to medium time-scale. These options
will be included in the future modeling work.
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