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Abstract

Distributed generation has the potential to redbeesupply-demand gap emerging in
New Zealand’'s electricity market. Thereby it canpiove the overall network
efficiency, harness renewable energy resourcesehete the need for upgrading of

existing distribution lines.

A typical New Zealand rural community consistingtofee adjacent farms at Totara
Valley near Woodville represents a demonstratié@ sn distributed generation for
Massey University and Industrial Research Limitddhcal renewable energy
resources are being used for the purpose of sablairdevelopment. Alternative

micro-scale technologies are being combined toexeha valuable network support.

This paper is an in-depth report on the implememabrocess of the HyLink system;
a system which utilises hydrogen as an energyeratoi balance and transport the
fluctuating wind power. The report documents itvedlepment from the laboratory
stage to commissioning at Totara Valley, which wasied out under direction of
Industrial Research Limited.

The PEM electrolyser’s performance at differentlst@mperatures was investigated.
It was found that hydrogen production increasethatsame voltage with a higher
stack temperature. This is due to the improvecktias of the electrochemical
reactions and decreased thermodynamic energy eegemnt for water electrolysis.
The electrolyser efficiency measurement at the dflfs maximal power input (247
W) resulted in 65.3 %. Thereby the stack tempeeasitained less than half of the
allowed limit of 80°C. The capture of the excesathby insulation can improve the
electrolyser’s efficiency.

Pressure tests were performed on the 2 km longlipgp@t Totara Valley using
hydrogen and natural gas in order to test theimpability. The results were
compared with previous studies at Massey Univegsity with data obtained from the
industry. The hydrogen permeability was measurdgets.5 * 10°° mol m m? s* Pa*

for a 2 km MDPE pipe. This is about half the resiitained from previous studies on



hydrogen permeability through MDPE at Massey Ursitgrwhich was undertaken at
room temperature. The reason for this discrepasdikely to be the lower ambient
temperature during the measurement at Totara Vadich can be supported with
the Arrhenius equation. It was furthermore measuted the power loss due to
hydrogen diffusion through the pipeline walls dgritne fuel cell operation is about

1.5 W at the current system operation mode.

A techno-economic analysis of the system was uakient applying the micro-power
optimisation software HOMER as a simulation toolorl operation modes of the
system were investigated, the load following arelghak demand compensating. The
simulation results reveal that the durability ahd tost of the electrochemical energy
conversion devices; electrolyser and fuel cell,taeemain hurdles which need to be

overcome on the path in introducing hydrogen basesigy systems like HyLink.

Finally, economic optimisation modelling of the dhszale system by best
component alignment was performed. It was found tha electrolyser capacity
down-rating of 80% in relation to the wind turbicapacity, leads to a minimal
system levelised cost. In addition to this, the awtp of various wind
turbine/electrolyser subsystems and pipeline seragpacities on the fuel cell
capacity factor and on the system levelised coitenoad following operation mode
was analysed. The outcomes can be useful for fuHlykink related energy system

planning.
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1. Introduction

New Zealand, like other countries, moves progredgitowards a more sustainable
energy future. The Energy Efficiency and Conseorathuthority’s (EECA) efforts
on the further development of the National Enerdficiency and Conservation
Strategy, as well as the upcoming Biofuels Saletig@on administered by the
Ministry of Economic Development (MED), underpinetlyovernment’s long-term
view. The country’s hydro power dominated electyicgeneration allows the
maintenance of its nuclear free status. However etnerging constraints on natural
gas supply and increasing public resistance to laeye hydro developments require

adequate supplements to meet the ever growing gdergand.

The electricity infrastructure in New Zealand, aarsgly populated country, is
characterised by few major load centres and a \preées rural network. Large central
power stations cover the general electricity demenntliding the high number of
lightly loaded remote communities. This means thatdistances between the power
plants and the customers become often significdatlyg. As a result, about 15% of
the electricity generated in NZ is lost as heath® power lines during transmission
and distribution (PCE, 2005).

This traditional system of large power plants Wkely be complemented by smaller
plants located closer to their loads. Not only dehsdistributed generation (DG)
systems reduce power line losses and maintenast® toit also have the potential to
capture and utilise waste heat on site and henoedse their overall efficiency.
Many integrated smaller units that are spread aweide territory reduce the threat of
massive outages. The major aim of DG investmeilew Zealand from an economic
point of view is to extend the network capacitywés the need for upgrading the
existing power lines, and additionally provide came&rs with an opportunity to

hedge against the increasing electricity prices.

The distributed energy systems may differ in samfiguration and energy source

depending on their respective application. Whilsemf them may serve as stand-by



power systems or cogeneration plants at indusanal commercial sites, others can
appear as wind farms supplying directly into lodistribution networks. The subject

of this study relates to grid-connected remote pmeer supplies (RAPS).

A typical New Zealand rural community consistingtbfee adjacent farms in Totara
Valley near Woodville represents a demonstratite @n DG for Massey University
(MU) and Industrial Research Limited (IRL). The geal objective of the project is to
create a renewable hybrid micro-power system ateticé of a 10 km long 11 kV
distribution line with the task to supplement timemrgy provided by mains, and at the
same time, to establish a platform for researcimem energy concepts with a direct

application aspect.

After the monitoring of local renewable energy rases and the community’s energy
load profiles for over one year, several small-es¢athnologies have been installed in
Totara Valley such as photovoltaics, solar wateatihg, bio-diesel generator, hot
water heat pumps and micro-hydro. This study fosusethe implementation of the

hydrogen link system dubbed the HyLink.

| |- solar water heating |
-micro-hydro

| " |- bio-diesel generator
- hot water heat pumps
wmd turblne

Figure 1.1 Totara Valley community

L Wind farms supplying directly into transmissionds can’t be considered as distributed generation
systems.



As the community is located in a valley, one of swerounding hills was chosen as
the appropriate wind site at a distance of tworkidres (Figure 1.1). The hilly terrain
and the unfavourable distance would make the pdwerinstallation expensive and
the use of high voltage equipment unavoidable taghention the issues associated
with the storage of the intermittent wind power. pdtential niche for hydrogen

technology was identified.

An electrolyser can be powered by the wind turbdmeroduce hydrogen, which will
be piped down the hill to feed a fuel cell or a togkn burner. In this configuration
the pipeline undertakes the task of storing andsparting energy. Middle Density
Polyethylene (MDPE) was identified as the mostadlé pipe material in a previous
study at Massey University, and a Zebedee furlesystontrolled wind turbine
manufactured by Proven was installed on the hillldpest model of the HyLink

system including control and monitoring electroniess designed at IRL’s laboratory.

1.1 Objectives

This paper is an in-depth report on the implemantgbrocess of the HyLink system
in Totara Valley. Its primary objective is to docem the development of the system
from the laboratory stage to the commissioningattiia Valley.

The practical work will include collaboration ingtprocess design of the HyLink as
well as electrolyser and pipeline testing.

The study’s focus is the system analysis from tt@emic and the technical point of
view. The purpose is to provide an effective anedytmethod which can be applied
to identify the economically most optimal systemmpmnent configuration for any
related project.

For this reason a model will be developed, whicabées the simulation of energy and
cash flows realised by the HyLink system. The migower optimisation software
(HOMER) will be applied as a simulation tool, inrpeular the latest versions with
improved hydrogen load modules.

It is expected that the simulation outcomes willuseful for further HyLink related

energy system planning.



2. Background

2.1 Motivation for Hydrogen as an Energy Carrier

The increasing use of fossil fuels accelerated@gletion and, at the same time,
causes serious environmental problems. Worldwidertsf are being made to
introduce hydrogen as a viable energy carrier whth potential to counter these

issues.

Hydrogen has many unique properties compared whtérduels. It is the lightest and
most abundant element. At standard temperaturetndspheric pressure, hydrogen
has high energy content by weight and low energyside by volume. Table 2.1

compares hydrogen’s physical and chemical proetith methane and propane.

Properties (ias

Hydrogen (Ha) Methane {CH;) Propane (C.Hg)

Density (kg/Nm')? ! 0.0838 0.6512 1.8T0
Lower heating value:

k'Wh'ke 1331 13.90 [2.58

kWh/Nm® 2.80 9.05 24.08
Upper heating value:

kWh/Nm’ 3.30 10,04 26.19
Diffusivity in air &t NTP {em’/s) 0.6l 016 0niz
Ignition energy (ml) (L0 (.20 026
Explosion limits in air (vol %) 475 53-15.0 2.1-9.5
Explosion energy [(kg TNT)/m’] 2.02 7.0 20,5
Autoignition temperature (“C)" 5R3 540 487

“Density for & normal cubic metre at 203, 15K, 0,101 MPa

Table 2.1The physical and chemical properties of hydrogenaspared with

methane and propane (Ackermann, 2005)

Hydrogen can be converted directly into electriaityuel cells without involving any
moving parts. The process is noiseless and carlsarirad. Unlike combustion
engines, fuel cells are not subject to Carnot Cliol@ations. This implies that they
can have high efficiencies in converting chemicedrgy to electrical energy.



Thanks to their highly scalable design, fuel célésre already been developed for

different applications. For example, Proton exclamgembrane (PEM) fuel cells

were used on NASA’s Gemini space missions and wepkaced by the alkaline fuel

cells (AFC) in the Apollo programme and the Spakette.

The largest potential commercial market for fuellscas the stationary power

generation for utility applications, including:

Residential applications in the size range of adolimo 5 kW using PEM fuel
cells. Besides electricity generation, waste heat lee used for hot water or
space heating.

Onsite cogeneration power plants in the size rarfigdout 200 kW to 1 MW
capacity. Phosphoric acid fuel cells (PAFC) donentitis fuel cell market
with a combined heat and power efficiency of al®i#. The 200 kW PAFC
was introduced into the market in 1991 by Inteoval Fuel Cells/ONSI,
now called UTC Fuel Cells. PAFC units have beertaited in various
applications — commercial, small industrial, latidand military — and some
are used for cooling, heating, and power. By 20{&ta have been 250 units
sold, at roughly US$4,500/kW. The U.S. DepartmehtDefence (DOD)
subsidised three-quarters of those produced (Cdesndn Alternatives and
Strategies for Future Hydrogen Production and ©@664).

Dispersed electric power generation in the sizgeawt around 2 MW to 20
MW. At present, electricity is typically generateda central thermal power
plant and then distributed through the grid. In finere, it could be possible
to have a fuel cell system, based on molten catbahCFC) or solid oxide
fuel cells (SOFC), generating electricity and h&dtese fuel cells would be
able to provide a neighbourhood of several blodkstreets with natural gas
as the primary fuel for fuel cell operation.

Base-load electric power plants, MCFC or SOFChm gize range of about
100 MW to 300 MW operate on coal or natural gaghénUnited States alone
one can find 750 GW of installed capacity (Li, 2R06



Unlike alkaline, phosphoric acid and PEM fuel cellee molten carbonate and solid
oxide fuel cells don’t require an external reforne@iconvert more energy-dense fuels
to hydrogen. Due to the high temperatures at whiedy operate, these fuels are
converted to hydrogen within the fuel cell itself ka process called internal
reforming. In regards to direct methanol fuel cIBMFC), which are a further
development of PEM fuel cells, methanol, is nobrefed but fed directly to the fuel

cell. Table 2.2 outlines the applications of diéfet fuel cell types.

Fuel cell type Mohile jon  Operating Applications and nokes
temperature

Alkaline {AFC) ol S0-2000C  Used in space vehicles, wg, Apollo, Shurle.

Proton exchange H' Fo—100°C Vehicles and mobile applications, and lor
e mbrane lower power CHP systems
(PEMFC)

Direct methanal H! - Suitahle for portable electronic systems of low
{MEC) power, running {or long limes

Phospleoric acid H' = X2C Large numbers of 200-KW CHP sysiems in use
(PAFC)

Malten carbonalie COy ~=B307C Suitable For medivm- to large-scale CHE
(MOEC) systems, up o MW capacity

Solid oxide (- SU0-1000°C  Suntable for all sives of CHP systems, 2kW to
{SOFC ) TTEIERAY R

Table 2.2Summary of fuel cell types (Larminie & Dicks, 2003)

The rapid improvements in PEM technology during pest decade have made
hydrogen fuel cells the automotive power plantlafice for the car manufacturers. In
the portable power market, micro fuel cell systetompete with batteries. Unlike

batteries, fuel cells draw fuel and the oxidantrfroutside the cell, and are therefore

not dependent on the limited storage capacity ®tctil.

Hydrogen does not exist in its molecular form ortteaFor this reason it is currently
being produced from various fossil fuels such dsrmatural gas, and coarlhis is

mainly for the different applications in the chealiendustry. The technologies to
produce hydrogen include the steam reforming otinahtgas, partial oxidation of
hydrocarbons, and coal gasification. These teclgretowill however, not help to

decrease the dependence on fossil fuels.



Electrolysis of water is a mature technology whishefficient, but requires large
amount of electricity. Currently about 4% of hydenggas produced worldwide is
created by electrolysis. The environmental benefitsising electrolysis depend on
which method is used to produce electricity reqlifer water splitting. When
electricity is generated from nuclear or renewaaarces, it produces hydrogen in a

carbon neutral process.

2.2 Hydrogen as a Means of Balancing Wind Power

2.2.1 Large-Scale Considerations

Today’s electricity power generation is based aomplex system of frequency and
voltage control and electricity exchange betwedrgads. Power production is ruled
by a time schedule taking the forecast of load laasic meteorological parameters
into account. The introduction of an intermittemesgy source like wind electricity

provides an additional stochastic factor to powstesn scheduling. This may lead to
power mismatch with conventional backup power pobidn. Consequently,

additional control power is required from conventiy fast-responding electricity

generation; otherwise, renewable energy produdsiémst (Ackermann et al., 2005).

Lipman et al. (2005) differentiate the issues imredl in integrating fluctuating wind
power into electrical grids as primarily technicaleconomic/administrative, and the
timescalé involved. In general, the issues include the hefan of generation and
load, technical interface of individual generatorsarrays with the broader utility
grid, assurance of adequate reserve capacity @ggmegated control area basis, and
market structures for bidding, forecasting, assgssaand compensating the output of

different types of generators.

Steinberger-Wilckens (1993) states that the amainsurplus energy caused by
fluctuating sources in electricity networks dependshe amount of renewable power

capacity installed, the characteristics of the wat#e sources utilised and the

% Timescales for power system planning: (a) reguifatimescale (several seconds to 10 minutes), (b)
load-following timescale (10 minutes to severalisdu(c) unit commitment time scale (several hours
to several days), (d) timescale of years. The mati&mn of increased amounts of renewable resources
can involve impacts across all of these timescales.

-7 -



characteristics of load and conventional power g, Ackermann et al. (2005)
infer that in rigid grids with a large contributidrom base load and/or with slow or
limited response in the power generation to faatl Igradients, a surplus situation will
occur more often that it will in flexible grids.

Steinberger-Wilckens (1993) provides a model cakooh for surplus energy that
cannot be absorbed by the electricity grid as atfan of wind penetration in the grid
(see Table 2.3). Wind power penetration is defiasdthe ratio of wind energy
production to total load requirement. The eledyigrid assumed corresponds with
the German system in 1990, with a contributiontodw 30% nuclear energy and 4%

hydro energy, with the majority of contribution finccoal-fired generation.

According to this, the surplus energy productioartstto occur at a wind power
penetration level of about 25% and reaches a vaflu&o at a penetration of about
50%.

Wind power penctration Surplus energy Surplus wind energy Surplus wind energy
(%0 of load) (%% of load) (% of wind energy) (TWh/year)

25 0.0 LT 0

a0 0.5 015 0.8

35 1.2 042 A

40 18 112 6.2

45 4.7 212 11.7

50 6.8 340 1%.8

55 92 5.06 28.0

6l 12.0 T.20 39.8

Table 2.3Model calculation for surplus wind energy that cahbe absorbed by the
electricity grid as a function of wind penetrationthe grid
(Steinberger-Wilckens, 1993)

Similarly, Boyle et al. (2007) indicate that theirmgoat which surplus wind power
required to be rejected or diverted to other markeitl depend upon the capacity
factor of the wind and the electricity demand pattdhis situation is occasionally
being observed, in western Denmark now that thetpation level has reached 23%.
The surplus wind energy increases from 0.5% witho30ind, to 3.5% with 50%

wind, 17.5% with 80% wind, and 30% with 100% wifgkcause of the surplus wind



energy, the nominal 100% wind case actually detivarly an average of 70% wind to

consumers.

Ackermann et al. (2005) furthermore state thatitiegration of high wind power
penetration levels will be easier in interconnectgdis like the Union for the
Coordination of Transmission of Electricity (UCTi#B)Europe, than in isolated power
systems as in New Zealand. UCTE allows the expbduoplus electric power to
interconnected networks. This option is certainbsgible in the case of western
Denmark, although it may not be possible to ex@drtthe power at very high
penetration levels if the magnitude of the surglogver exceeds the capacity of the

links.

Boyle et al. (2007) conclude that although enetgyage technology has been widely
discussed in the context of electricity supply egst, aside from large-scale pumped
hydro-systems, such as Dinorwig, that have theddmatage of being geographically
very specific, no cost-effective solutions currgrakist.

The introduction of an energy storage medium ihteogeneration system can enable a
flexible usage of the produced power and avoid disearding of surplus energy.
Ackermann et al. (2005) highlight the following cheteristics of hydrogen, which

are advantageous in this context:

» It can be reconverted to electricity with a reasynhigh efficiency in fuel
cells.

» It enables peak power production and load followiagher from central
installations or from virtual power stations (i.e. offers decentralised
generation capacity).

* It can constitute an alternative means of energysport (e.g. using
pipelines where electricity cables are undesirabigjle offering high
energy density and low transport losses.

* It can be sold as industrial gas outside the et#tytrmarket; on the one
hand, it reduces market pressure and, on the otlelops alternative

markets for renewable energies (e.g. transpors¥uel



Ackermann et al. (2005) indicate further on thadrafrom controlling onshore wind

resources, the more immediate role of hydrogenimawexploitation appears to be the
transportation and compensation of energy fromhoifs wind farms to the shore. The
installation of a hydrogen pipeline is no more idifft than that of a sea cable. A
hydrogen pipeline is likely to take up less spaeich may be an important aspect,
given the massive wind capacity that may have totraasferred to the shore.
Transport losses are lower for hydrogen, and tlgeired investment costs for the
production of hydrogen and its reconversion totelaty are similar to those of high-

voltage transmission (Ackermann et al., 2005).

2.2.2 Renewable Hydrogen Pilot Projects

Although at the current stage no demonstrations lévge-scale grid-intertied
application exist, hydrogen-based storage systerasbaginning to be used in
conjunction with isolated renewable power systefsvell-known example is the
demonstration of a combined wind power and hydragierage scheme at Norway’s
Utsira Island. A community of ten households hasnbbkving off-grid since 2004
with its peak load requirement of 55 kW coveredabsemote hybrid power system
based on two 600 kW wind turbines. A 48 kW elegisel and a 5.5 kW compressor
with 2,400 Nni (214 kg) hydrogen storage tank, together with &\A0fuel cell and a
55 kW hydrogen combustion generator which can cdrntye surplus wind power
into enough energy reserve for 2-3 windless day® froject budget is about £3.3

million and is supported by the Norwegian governtietydro, 2004).

Meanwhile, a number of renewable hydrogen powetegys of varying sizes and
configurations have been implemented all over tbddyCEG, 2006). Their aim is to
provide remote communities, where the traditionalv@r supply often is based on
costly and polluting diesel, with balanced locale@able power. The HyLink system
being prepared by Massey University and IRL repres@ novel hydrogen-based
remote area power system evolved from prevailingdittons at Totara Valley. A

polymer pipeline is about to be used to store asasport the intermittent small-scale
wind power over a distance of 2 kilometres to aalrwommunity. Thereby the

pipeline represents the only link between the vaitd and the load; no power line is

planned for this project.
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A very scarce amount of information relating to #imve scheme can be found in the
literature. The existing hydrogen pipeline infrasture worldwide is mostly used in
the chemical industry. Predominately carbon steatemals like, X42, X52, X60,
A106 Grade B, A357 Grade 5 are being used (Adar@®52 The transmission
pressure is limited to 800 psi and the pipe sizesoul2”. The issues of hydrogen
transportation in high strength metal pipelines @eosion and embrittlement. Very

little is known about hydrogen effects on polymers.

2.3 Previous Studies at Massey University

The three following paragraphs summarise the ouesowf the previous Totara
Valley related studies at Massey University, whach most relevant for the present
research paper.

2.3.1 Totara Valley Community Electricity Load Profiles

The community’s electricity demand was monitore@ight individual sites at Totara
Valley from September 1999 to July 2001 (MurrayP20 The recorded data was
separated into domestic, water heating and farh (shearing and freezer sheds) for
further analysis. The contoured plots below, dépictmean hourly profiles on a

monthly basis, deliver insight into the electricdgmand of the whole Totara Valley

Communlty.
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Figure 2.1 The 1-year modelled domestic and farm load prdfiieche community
(Murray, 2005)
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Figure 2.2The 1-year modelled water heating electricity Iqadfile for the
community (Murray, 2005)

The electricity load profiles of the Totara Vallepmmunity indicate seasonal and
daily trends of electricity use. While the yearlgtip denotes a consumption increase
during winter time (May — August), the daily patteeveals a lower peak demand in
the morning and a higher peak demand in the eveiiing delay of the water heating
peak load until later in the evening from Novemberebruary (Figure 2.2) arose
from the ‘ripple’ control of the load undertaken e utility. The shearing in January
and July, accounts for a daily mean power consumpticrease of approx. 1 kW
(Figure 2.1) with an hourly peak demand of appoXW. An extensive analysis of
the community load profiles can be found in Murseayesigning Sustainable
Distributed Generation Systems for Rural Commusiitie

2.3.2 Wind Energy Resource — Totara Valley Region

Within the scope of previous studies at Massey ehsity (Irving, 2000; Murray,
2005) the wind resource was monitored at five dsifé locations in the Totara Valley
surrounding area (Figure 2.3). There was a goadilyeasable wind energy resource
at Wind Sites 1, 2, 3, and 5 with mean wind spedds61 m/s, 6.04 m/s, 6.27 m/s,
and 5.95 m/s respectively (Murray, 2005). It isoalorth noting that the monitoring
duration at Wind Site 1 was taken over two yeargendt the other sites it was over a
period of less than one year. The slightly lowelugafor the mean wind speed at
Wind Site 1 can be explained by the fact that $itis is less exposed to the west than

the other monitored sites (P. Murray, personal compoation).
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The studies at Massey University also includedctiraparison of the monitored wind
energy resource with the NIWA (National Instituté Water and Atmospheric
Research) database. According to NIWA, the TotaalleVY region is located within
the zone of a median annual wind speed in the rah§el-6.0 m/s (refers to the time
period between 1971 and 2000) which correspondsogppately with the Massey

University’s resultd
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Figure 2.3Wind sites monitored in the previous study

A useful outcome from the previous studies at Massaiversity is the estimation of
the four following statistical parameters: the Waibshape factork, the
autocorrelation factor, the diurnal pattern stran@PS), and the hour of the peak
wind speed. These parameters used in HOMER mogeftin a more accurate
description of the respective wind resource inptfedfrom site to site, and can be
estimated only by monitoring of a particular sitde parameters for the wind sites
monitored at Totara Valley are summarised in thdethelow. A detailed analysis of
the wind energy resource around Totara Valley @afolind in Murray’s Designing

Sustainable Distributed Generation Systems for RDnmunities

3 All wind speeds refer to the anemometer heighénfmetres.
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EMa&n

|Standard | Confidence

[t Weibull % | Auto- Diumal | Daily hour
| Site data | wind-speed | deviation |interval shape | correlation | pattem of peak

I ;{_nfa} {mis) [95%)(mis) | factor | factor strangth wind-speed
|1 |18319 | 561 3.07 0.047 177 0.91 0.13 1500
; 2 1,984 i 6.04 4,02 0.026 1.52 0.83 0.18 1600
| 3 1,340 627 378 0.202 1858 0.94 0.20 1800
4 5 144 4.29 278 0.075 1.50 0.8 0.23 1400
LS 7.002 | 595 3.54 0,071 166 0.93 0.12 1400

Table 2.4The descriptive statistics useful for wind modegllim HOMER at the end of
the monitoring duration (Murray, 2005)

HOMER provides only ranges for typical parametdues, so that average values are

taken usually as a compromise when no parameteisvarlable.

2.3.3 Pipe Material Selection

In the preliminary stages of the HyLink system depment at Massey University,

eight various pipes made of three different malenamely:

* Iplex Novathene LDPE
* Iplex Poliplex POLIgas MDPE
e Aquatherm Fusiotherm PP-R 80

were investigated on hydrogen gas diffusion throtingiir walls. The specifications of
the pipes tested, including their wall thicknesd Eamgth, are shown in Table 2.5.

The pipes were filled with hydrogen up to the poesf 4barg and then the pressure
drop in the pipes was measured over a time peffiddoweeks. The pressure loss in
the pipes made of MDPE material was lower comptodde LDPE and PP pipes and
equalled approximately 25 kPa/week, the wall thedsz of 4.15 mm and an outside
diameterd, of 42 mm.
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Pipe number | Material Length [m] |Inside diameter [mm] | Qutside diameter [mm] | ¥Wall thickness [mm]
1 LDFE 1.96 31.5 38.0 325
2 LDFE 0.49 31.5 38.0 325
3 MOPE 1.99 337 420 4.15
4 MOPE 0.49 337 420 4.15
5 PP 200 290 40.4 570
5 PP 050 29.0 40.4 570
7 MDPE 1.99 337 42.0 4.15
g MDPE 20.00 337 42.0 4.15

Table 2.5Specifications of the pipes tested at Massey WsitygSims, Hargreaves,

Furthermore,

McQueen & Guldin, 2005)

the permeability for each tested pipe calculated in order to find out

material specific values. The following equationswesed.

jv)

4p

Amean

lo

fi

- QFz (2.1)
Anean Dt |]Ap .

permeability

qguantity of hydrogen which passes the wall [mol]

pipe wall thickness [m]

pressure difference of Hbetween inside and outside of the pipe [Pa];
as the partial bHpressure outside of the pipe is zetp represents the
H, pressure inside of the pipe

time [s]

mean surface area of the pipe/Jicalculated using the logarithmic

mean of the inner and the outer pipe radius

A = 20— (] 2.2)
Inr, —Inr,

length of the pipe
outer pipe radius

inner pipe radius

Table 2.6 summarises the permeability values catledIfor each tested pipe.
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Permeability P

LDPE, 196m | SELS ”:zﬂjﬁa
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T e oo | L48899E15 %
MODE, 0495 | L290IELS ’Zjoj?ﬂ
g%ﬁ,ezﬁ_ﬁom 583213815 P:;oiﬁa
giﬁfo%oﬁl 2.002545-15 m’f"jﬁa
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Table 2.6Permeability values calculated for each pipe tegf&iths, Hargreaves,
McQueen & Guldin, 2005)

Consequently, MDPE proved to be the most suitabéeral for the hydrogen

pipeline with the lowest permeability of approximigt1.3*10" mol m ni® s* Pa’.
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3. HyLink System in the Laboratory Stage

3.1 Overall System Description

A test station was constructed in IRL's laboratbgythe engineers there to trial the
HyLink system before installing it at Totara Valley 24-volt Chinese turbine MK2
modified by Ecolnnovatichin New Zealand waset up on the roof. The wind turbine
had a power output of about 400 W and was conng&egllel to a string of two 12 V
lead-acid car batteries and then to a dc/dc coewddsigned by IRL. The task of the
converter was to convert the battery voltage t® M. the most suitable voltage to
drive the Lynntech PEM electrolyser which consistédive electrochemical cells.

The pipeline storage system was as follows:

e 150 m MDPE POLlIplex pipe, &= 32 mm, SDR 11,;¢ 26 mm
e copper connection pipe, outer diameter 10 mm, idreneter 6.5 mm

» the total volume of the pipeline storage systenuaB0 L

The pipes were pressurised with hydrogen by thetrelgser without mechanical
compression up to 4 bar gauge pressure. The MDPE& as located outside the
laboratory in a container filled with sand. The gess consumed on demand by the
1.2 kW DCI 1200 alkaline fuel cell. The electriciproduced was used to charge
batteries or was inverted to the grid. A schemdiagram of the lab system can be
found in Appendix E.

3.2 Electrolysis System Description

The electrolysis system consisted of two main ssiiesys, hydrogen production and
hydrogen dehydration. The LabVIEW computer programwas used to enable
unsupervised operation, in particular, to prevéetteolyser overheating, to keep the
pressure limit settings antb stop operatiorin case of water shortage. Pressure
sensors, thermocouples and water level sensorsattahed at appropriate locations

and set at adequate limit values.

* http://www.ecoinnovation.co.nz/p-194-chinese-togbimk2-24-volts.aspx
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The PEM electrolyser stack operates as followstill2d water is provided to the
anode side of the cells by the recirculation puifipe catalyst coated on the anode
side of the membrane promotes water dissociatitve. Jositive electrical potential
strips two electrons from each water molecule. preeluced diatomic oxygen gas is
released together with the circulating anode waterthe circulating water reservoir.
The two hydrogen cations produced from one watdeoute are transferred through
the proton permeable membrane under the influerfcéh@ negative electrical
potential. Two to three water molecules enclosehdaaronium ion which drags
them through the membrane. The cathode catalyshqies the recombination of

hydrogen cations and electrons to form hydrogeremubés.

Figure 3.1Electrolysis system setup (left) and MDPE pipe aiowetr (right)

The hydrogen gas flows through the dehydration pgant starting with a pressure
relief valve preventing system over-pressurisingisTvalve opens at 65 psi and
releases excess hydrogen and water. The relieevalollowed by two vapour
separators and a catalytic recombiner which ainditoinate any oxygen molecules
by recombining them with $to form water. The overall collected water is read to

the circulating water reservoir. On the way to thipeline storage system
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Figure 3.2Water tank (left), Wproduction unit with circulating water reservoir
underneath (middle), #dehydration unit (right)

hydrogen passes through a flash arrestor and #&gooation of valves - including a 5
psi check valve keeping the downstream at 5 psietothan the upstream - for
additional pressure control. A larger water tankiisated above the circulating water
reservoir to provide it with water, when the watevel sensor in the reservoir
indicates. A deionisation column is integrated itite water cycle with the task to
prevent membrane contamination. The recirculatiatewpump works currently at 24

V dc consuming approximately 12 W.

The main advantage of the electrolysis set-upasttie distilled water does not have
to be pumped into the pressurised hydrogen comgatt the cathode, which would

result in higher electricity consumption by the grgtump.

3.3 Integrated Electrolyser Stack

The present water electrolyser stack is a PEM @praxchange membrane) stack
designed for hydrogen at high pressure. It canwoesup to 500 W and 7.5*fam*
hr' of water (including osmotic drag) while producingd3*10* Nm*® hr! of
hydrogen and 5.25*IONm® hr' of oxygen (Lynntech, 2002). These specifications
apply to the work temperature of 60°C. The stack maduce hydrogen at pressures
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up to 27.5 bar gauge (cathode) and oxygen at ampieasures up to 2 bar absolute.
Figures 3.3 and 3.4 show the electrolyser stackection from two slightly different

perspectives.

positive hydrogen
electrical pressure
paotential meter

water and

axygen L

outhet

- hydrogen

negatlve q outlet
electrical
paotential

Figure 3.3Electrolyser stack connection

The stack consists of five electrochemical cellthvein active area of 33 éneach.

Each cell requires a driving voltage of approximhat® V. Gas and water streams
connect to the stack through % inch tubes locatethe titanium endplate. The power
supply is connected to the current collector puditrg from the corner of the stack (+)

and the centre of the titanium endplate (-).

positiye hydrogen

electrical | pressure

potential RSt

water and

oY OEn

outlet hydrogen
. outlet

negative

electrical

potential wiater inlet

Figure 3.4Electrolyser stack connection from another persgedb show better the

hydrogen outlet with the hydrogen pressure gauge
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Water circulated through the anode side of thescedirves also as a temperature
conditioner for the stack. Operating temperaturekve 0°C or above 80°C can

damage the electrolyser. Figure 3.5 illustratesPB® electrolyser stack being used.

According to manufacturer’s specificatidnthe circulating water will reach a steady
state temperature of 50°C by continuous electrolgperation at rated output, which

fl

ow field |
T

Figure 3.5Expanded view of the Lynntech electrolyser stattkowi titanium

endplate (source: Lynntech Industries)

can be considered as the stack’s work temperafiiihis point the heat transfer with
the surroundings acts as a natural coolant keegiagstack temperature down at
50°C.

The stack is constructed from titanium separatategl, plastic cell frames, metal flow
fields, a steel endplate and a titanium endplate. datalysed membranes are situated
in between the metal flow fields. Figure 3ll&strates the same electrolyser as it was
used for a previous application. The steel endplatie the electronics is replaced by
the titanium endplate in order to adapt it to the idk system.

® No specifications are made about the duration hef heating up process at specific ambient
temperature and electrical input as well as floaraf the circulating water and circulating water
content by the manufacturer.
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3.4 Integrated Alkaline Fuel Cell

In the monitored system a 1.2 kW Hercules DCI 12l@@line fuel cell was used. The
plant was designed and built by IRL using Mk2-4adilke stack from Intensys
(formerly Zetek), a subsidiary of E-Vision. Thedtavas rated to 1.5 kW within an
ambient temperature range of -10°C to 75°C. Thiemihce between the stack and
the system rating is due to the power consumptfaihe system’s auxiliaries. It has

been designed for stationary applications in regide or light commercial power
supply.

The nominal operating voltage of the DCI 1200 is ¥6dc, default by the
manufacturer to charge a 48 V battery bank, whschuitable for use within RAPS.
The unit is approximately 45% efficient electrigalvith somewhat less than half this
again potentially available as low grade heat (Me€yu& Gardiner, 2004).

The fuel cell fuelled with hydrogen, uses alkalis@ution, 12 mol [* potassium
hydroxide (KOH), as an electrolyte which is pumpddrough twenty-four
electrochemical cells within the stack. The tempeeaof the electrolyte is controlled
by a heater and water cooler (including heat exgbgnin order to observe default

temperature limits.

The DCI 1200 system is a low pressure fuel cellhvan operating pressure of

approximately 60 mbar gauge, which is monitorecibyntegrated pressure regulator.

DCI 1200 AFC f Monitoring
and data
logging
Energy Recyclers (Labview)
inverier
48 V battery bank Fadeir

Figure 3.6 Alkaline fuel cell DCI 1200 setup
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Figure 3.7DCI 1200 system overview (RISE, 2006)
The unit receives its oxygen from ambient air aiedi using a centrifugal fan which

is situated behind the inlet air filter. The airtieen distributed through the cathode

side of the cells and finally exhausted. The systeprotected by an open enclosure
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except for the electronics, which are covered amdige a user interface. However
for the present testing, the LabVIEW user interfaas been in use.
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Figure 3.8LabVIEW user interface for the DCI-1200 fuel c&RL)

3.5 Estimating the Overall System Efficiency

In order to estimate the overall system efficierityg efficiencies of the electrolyser
and the fuel cell were calculated. At the timeldd testing the wind turbine was not

operating, so an ac/dc generator connected to rpaiusr was used.

3.5.1 Lynntech Electrolyser Efficiency

The efficiency of electrolysers can be describedifferent ways, such as the stack
efficiency, voltage efficiency, overall efficiencygnergy efficiency and water to
hydrogen conversion efficiency (Roy, Watson & Iidie2005). The efficiencye of

the Lynntech electrolyser was estimated as follows.
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The Lynntech electrolyser ran for 2 hours consun®8d¢ A dc at 10.5 V dc, hence,
1.77 MJ at average rate of 246.75 W. It was assuthatl the electricity used
represented the total electrolyser power input.

P, =Ve Ol = 24675V (3.1)

In order to estimate the total electrolyser powetpat, the energy content of the
hydrogen producedQy,) was calculated using its lower heating value (QHM
120000 kJ kg which corresponds with 10 MJ n(at atmospheric pressure and
15°C). The pressure increase in the 80 L pipelimeage system was therefore
measured. During the electrolyser operation of Aréi@ pressure increase of 21 psi
was recorded, which resulted in an average hydrpgeduction rate of 10.5 psi hr
This value corresponds with 57.93 L'hdue to Boyle's Law (V1 = p*V») and
hence with 115.86 L of hydrogen produced in 2 hours

Qu, =LHV,, OV, =116MJ (3.2)
P o = QT“ =161V (3.3)

_ I:)E,out _
n, =—2L =653% (3.4)

E,in

The calculated efficiency does not consider the telebemical hydrogen
compression by the electrolyser because the avegagating pressure during the test
was low. Furthermore, the heat transfer betweerstdnek and the circulating water as
well as the power consumption of the water pump reokeincluded in the above

electrolyser efficiency calculations.

3.5.2 DCI 1200 Fuel Cell Efficiency

In order to calculate the alkaline fuel cell's ei#incy, the pressure drop in the

pipeline storage system was measured during itgatpe. The DCI 1200 -
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generating 650W net electrical power - needed b#rfutes (35 seconds per 1 psi
pressure drop) to consume the hydrogen amount peadby the electrolyser in 2
hour$. That means the fuel cell consumed 115.86 L (abspimeric pressure and
15°C) in 12.2 minutes, hence, 0.000158im1 second. Applying hydrogen’s lower
heating value of 10 MJ T the fuel chemical power input equals 1583 W.

650N
Maee = Tegan = 41.1%

The above calculated efficiency represents only thel/electricity conversion
efficiency. It doesn’t consider the thermal powertput of the DCI 1200. It does,
however, consider the power consumption of the @adlls auxiliaries (electronics,
inlet air fan, electrolyte pump etc.) as they riging the electricity coming from the

consumed hydrogen.

As the alkaline fuel cell’s thermal power outpupresents approximately 20% of the
contributed power input, its combined heat and pafiéciency should be anticipated

to be over 60%.

3.6 Recording VI Curves at Various Electrolyser Stek Temperatures

The HyLink system design doesn’t plan to use aebatbank as an energy buffer
between the wind turbine and the electrolyser. @ason is avoiding the additional
system efficiency loss — charging and dischargictgpa of a usual flooded lead-acid
battery with a liquid electrolyte has an efficienmlyapproximately 75%. This means
that the electrolyser will be powered by the flating wind power, hence, will not

operate continuously. This means furthermore thateectrolyser stack temperature
will fluctuate too. In order to predict electrolyse performance at various stack

temperatures, VI curves were recorded.

® As unacceptable inaccuracies during the pressopemeasurements occurred, the hydrogen
consumption (0.048 kg 4per hour at 650 W output) of an identical DCI 120@asured at RISE, was
used to accomplish the system efficiency calcutetio
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Figure 3.9Recorded electrolyser stack VI curves at variouggeratures with a

reference VI curve recorded by Lynntech at 60°C

VI curves can be considered a tool in which to @néshe voltage/current ratio of an
appliance, and thus, allow for a comparison witheotcognate appliances. VI curves
of PEM electrolysers show additionally a dependeanytheir work temperature.
While the stack temperature increases, the cufi@ntincreases at the same voltage.
This is due to thermodynamical correlations of wakectrolysis and, in particular,

improved reaction kinetics

The same ac/dgenerator as for the efficiency estimation was useatder to create
VI curves. The voltage was increased in 0.5 V ga@®m 7.5 V to 10.5 V) and
electrical current was measured in each case. &ime $rocedure was repeated at
different stack temperatures controlled by cooliagd heating respectively the
circulating water. More VI curves were recorded,wkwer, in order to avoid
confusion just the above shown were chosen for mpeoison. The complete VI

curves measurements including temperature canuselfim Appendix A.
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The recorded VI curves refer to the temperaturgednetween 8.2°C and 36.4°C.
With the aid of the VI curves, the anticipated eutrflow and hence the anticipated
hydrogen production at a chosen stack voltage aadk stemperature can be
calculated. This can be done by using the Faradaaws of Electrolysis. There is no
VI curve at the stack’s work temperature of 50°@ikable, but using the above chart
current flows in the range of 35-40 A dc at 10.5d¥ can be estimated, which
corresponds with the rated current flow of 36 A rfhtech, 2002) for the present
electrolyser.

This results in the membrane current density ofA.dm? and the below calculated

hydrogen (at atmospheric pressure and 15°C) pramfucite per cell.

v 2| My _ 36AC24L/mol
nF 209648:C/mol

[3600s/ hr =16.12L/hr (3.5)

In summary, the Lynntech electrolyser produces &@db. hi* of hydrogen when
running continuously at its rated cell temperatddtewever, it can be assumed, that
due to the non-continuousind power availability and the cooling effect dfet
ambient air at Totara Valley, the electrolyser whilardly attain its rated cell
temperature and will therefore work at a lower powetput. An insulation of the
electrolyser and the circulating anode water systeaid help to capture the heat lost

from the cell.
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4. HyLink System Transition to Totara Valley

4.1 Pipeline Installation

The complete system transition was carried out utite direction of IRL. Fourteen
coils of 150 m MDPE gas pipe were purchased atctst of NZ$2,500 including
electrofusion accessories and pressure gaugesadtamvgas pipe manufactured by

Waters & Farr and supplied by Humes.
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Figure 4.1 HyLink system overview

The pipe was manufactured from PE 80B material withouter diameter gof 21
mm, internal diameter (dof 16 mm and wall thickness (z) of 2.5 mm. Thaerfsiard
Dimension Ratio (SDR =uGheadzZmin) Was specified at 9 by the manufacturer which
implies the maximal allowable operating pressunedas of 8 bar. PE 80B has a
design life of 50 years at surrounding temperatamed is fully serviceable for the
same time period at elevated fluid temperature 55IC4Awith a reduced long term
hydrostatic strengtb c. = 6 MPa (Iplex).
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Figure 4.2Mole ploughing of the pipe (left), an electrofusamupling between two

pipeline sectors (right)

PE 80B contains anti-oxidants, chemical ultra wi@bsorbers and yellow pigments
which are added to the PE polymer base resin deinegompounding process by the
raw material manufacturers. According to Borouge NId and Polymers
International Ltd the PE 80B material does not aonmtross-linkers. The minimum
required strength (MRS) value for PE 80B is 8 Mp&ek).

Figure 4.3Electrofusion welder

The pipe was buried 60 cm underground along a taack in order to reduce PE
expansion or contraction due to changing tempezataravoid PE degradation by UV
radiation as well as for other safety reasons. Mideighing was chosen as the most
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cost-effective method with an accrued expense o$NZDO including pipe sectors
connection and delay due to unfavourable weatheditions .

Figure 4.4Hose clamps (left), crimping method (right)

The electrofusion method was applied to join thetieen pipe sectors to a continuous
line. Polyethylene electrofusion couplings with electrical heater coil embedded
along its curved surface were merged with the @petor ends using a 2.8 kW
electrofusion welder. A portable 5 kW diesel getmravas used to power the welder.
The pipes outer surface was treated with acetommable a successful welding. The
connection sites were indicated with thirteen woodearker stakes sprayed with
yellow paint. A crimping method rather than hosamgbs was preferred to connect the
both pipeline ends with the metal tubing which m@wnore stable and leak proof.
Approximately 2 km of MDPE gas pipe was necessargdnnect the top pressure

gauge at the electrolysis container with the botpressure gauge at the woolshed.

4.2 Electrolysis Setup

The complete electrolysis setup as described ipteh& was transported from IRL’s
laboratory to Totara Valley and located in the eomér near the wind site. A

" Mole ploughing would cost NZ$5,960 at right weatbenditions.
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Figure 4.5Electrolysis setup in the container

larger 240 L distilled water tank located outsidehe container replaced the smaller
water tank automatically refilling the circulatingater reservoir as necessary. Using
water from a farm rain water tank for electrolysss an obvious option for a
continuously operating HyLink system which wouldjuee a filter system and a
more frequent deioniser inspection. However, at ¢hgent stage of the progress

purchased distilled water represents an adequhteoso

4.3 PEM Fuel Cell Integration

A 1 kW PEM fuel cell manufactured by ReliOn wasfpreed at the current stage
rather than the alkaline DCI 1200. It was desigiwedharge a 48 V battery bank with
36-40% efficiency (based on hydrogen’s LHV) at thel load. The PEMFC
consumes 15 std L min(SLM) of hydrogen at 1 kW output and 7.5 SLM ad3Q/
output. It requires hydrogen in the pressure raoigd-6 psi gauge. The only by-
products of the fuel cell's electrochemical reacteye water vapour and low grade
heat.
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The present PEMFC does not utilise a conventiotadksof cells architecture, but
instead placement of individual MEA’s within the rcalge housing. This
construction method aims to increase system rétial@ind to reduce maintenance
costs. The Independence 1000 system employs sSidodl cartridges with ten cells
respectively. Cartridges can be “hot swapped”, nmgathat the system can continue
to operate and produce power, even with up to thceeridges removed
simultaneously (HARC, 2004). This reduces the oftailure of the entire unit due to
problems with a single cell. The unit is air-cooket can be fed with industrial grade
hydrogen.

= Pressure sensor

PEM fuel cell ReliOn
Independence 1000 (J48C)

IRL grid-connected
- inverter

48 V gel battery bank

Figure 4.6 PEM fuel cell integration

The PEMFC was located in the woolshed and was atedd¢o the MDPE pipe via a
Y inch PE tube. An integrated pressure regulatpt k& hydrogen pressure in the
required range at the fuel cell inlet. During thestem operation a 4 bar gauge
pressure sensor situated between the MDPE pipetl@duel cell sent pressure
readings to the controller which turned the fuell o when the high pressure
threshold of currently 2 bar was reached and tutheduel cell off when the pressure
dropped below the low pressure threshold of 1 Wéren the fuel cell ran it supplied
the grid-connected inverter and the controller al as recharged the 48 V bank of 4
gel-cell car batteries. The high efficient gel bets (97%) were utilised to power the

control and data logging equipment as well as gi®a necessary buffer for the fuel
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cell and the inverter The batteries supplied thergy required for the start up from
the ReliOn’s “cold state”. The inverter dischargextess energy to the grid when

battery voltage was above 54 V (E. McPherson, palscommunication).

4.4 Installing the Wind Turbines

Two different wind turbines were installed on thitép: a mechanically controlled

Proven and an electronically controlled Air-X.

4.4.1 Proven

Prior to the pipeline installation, a 2.2 kW winghine manufactured by Proven was
put into operation on the hilltop at two kilometmtistance from the community. Like
the most small wind turbine systems it was a dideisten, variable-speed system
with permanent magnet generator producing thresela which was rectified to

charge a 24 V battery bank. The mast height was6.5
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Figure 4.7 Proven wind turbine on the hilltop (left), Zebedied system drawing by
Proven (right)
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The robust wind turbine with its unique furl systesnpredestined to work at the
turbulent wind conditions of the hilly Totara Vafllegegion. The patented Proven
Flexible Blade System enables the turbine to gé@grawer in light or strong winds.
During stormy winds the three polypropylene bladesinected to the rotor via
Zebedee hinge system twist and flex to reduce #ewdynamic efficiency and hence

to keep a high power output (Proven Energy, 2005).

The Proven wind turbine was connected as showharsimplified drawing (Figure
4.8) below to the 24 V deep cycle lead acid battempk with a fluid electrolyte
having a capacity of approximately 400 Ah, hen&kh, at C100 rate (= 4 A). As
the batteries were not used as electricity buffar dlectrolysis (also, the water
recirculation pump was planned to run just in tineélectrolyser operation), their
charging/discharging efficiency of approximately%@%lid not influence the overall
system efficiency. The batteries were used solelgdwer the data logging and the

data transmission as well as the system monit@thsystem controlling equipment.

A Campbell CR500 data logger working at 12 V cdkelcwind speed data, battery
voltage data (or rectified wind generator voltageimp its operation) and rectified

wind generator current data. The wind speed wasuoned by a NRG anemometer at
10 m height. The data was transmitted by a cust@denGPRS modem to Massey
University’'s FTP server. The data was then avadlanl Massey University’s website.

The server’s IP address was retyped at the GPRS edch disconnection from the
voltage source. The logger was able to record fdataeveral months before starting
overwriting it. The Campbell logger can also begoasmnmed to collect wind gust data

and wind speed standard deviation to observe thd tdrbulence intensity.

The dump load controller consisting of MOSFETs dsncut into the system at
arbitrary boost voltage which can be set in 1 \énwals via display. In the current
configuration the boost voltage should be around@%/. The controller will dump
from this voltage level for the first stage of ohiag, then drop down to the float
voltage — set at 27-28 V — after it has been atbthest voltage for the boost charge
time interval, which can be also set via display (Barter, personal communication).
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Figure 4.8Proven wind turbine installation

A maximum power output of 460 W was achieved dutiing ongoing installation

process of the Proven wind turbine prototype (sppeidix B). The twisted wires in
the tower and the eventual blockage of the rotdicate mechanical issues within the

rotating system. The wind turbine is currently unicpair.

4.4.2 Air-X
Prior to the Air-X installation, two Chinese MK2rhines were put into a test

operation without measuring their output. Both leérh had issues with their furl
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systems in the strong and gusty winds. After arratfmn period of maximal 2 weeks,
both wind turbines lost their blades due to toohhigtational speed. One of the

turbines was shorted, i.e. in the stall mode, wherdamage took place.

A 400 W Air-X on a 12 m mast with a new controlldump load and batteries was
installed under direction of IRL. A Xantrex C40 cpa controller was connected in
parallel to control the turbine voltage at the 24n@minal) lead-acid car battery bank.
The C40 cut in at 27-28 V in order to prevent tlagtdries from overcharging. This

means that the controller sent power to the resistump load only when the voltage
rose above the default threshold. The dump loathisg configuration needed to be
between 0.7-0.875 Ohms. Less than 0.7 Ohms wouwaldl dnore than 40 A at 28 V

and would therefore exceed the rating of the cdletrovhilst more than 0.875 Ohms
would cause the voltage to rise above 28 V at 32tle peak intended current to give
a 20% margin (E. McPherson, personal communication)

Figure 4.9 Air-X (manufactured by Southwest Windpower) dudpgration on the
hilltop
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The Air X’s electronic furl system responds immeeliato occurring high wind gusts
by activating the stall mode. The wind turbine iglwprotected and lasts long,
however, the frequent switch into the stall modad& to a low overall energy
generation. The Air-X’s measured power output cardoind in the Appendix C.

4.5 Wind Power to Water Electrolysis Connection

IRL’s dc/dc converter was the device which couplleel wind power and the water
electrolysis systems by adjusting the turbine’stagé to the electrolyser’s

characteristics. It was designed to start watectsdlysis as soon as the voltage got

Massey dump ___§ i W — Laptop for
load - will . 5= electrolyser monitoring

and data logging

{Labview interface)

Massey dump N ! st _,. — =Rl dump load
load controller = \

dc/de converter

I +
IRL dump load electrolysis

controller T B T e - control
Laptop inverter
24V battery
bank

Figure 4.10Wind power and water electrolysis control in the&tzoner
above 25 V This limit for starting electrolysis w&s prevent discharge of the

batteries. If the batteries remain in a dischaiggate for a long period e.g. in times of
no wind, the voltage level of 25 V at the beginnioigsuch a period gives the
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3 x 48 W solar panels
for additional battery “mormmr s
charging

Distilled water tank =

far the electrolysis - the top riser

Figure 4.11Container from the outside

maximum possible buffer to avoid battery discharfge McPherson, personal
communication). Three solar panels with 48 W outpath were installed on the
container roof as an additional support for battemgrging using a second Xantrex

C40 charge controller connected in series.

It is planned to interface the Massey and the IRktems at a later stage by
connecting both wind turbines to one battery bamktolled by Massey’s dump load
control system, if higher power input is requirdthe current system configuration
including the 500 W PEM electrolyser requires otilg Air-X wind turbine as the
power source. The Proven wind turbine is plannedpdaver a larger alkaline

electrolyser which is currently developed by IRL.

4.6 HyLink versus Power Line

Table 4.1 confronts the most significant charastes of the both technologies which
can be utilised to connect the wind turbine wite tommunity. It can be anticipated
that in case of large-scale storage the battery wdl$ outweigh the hydrogen

tank/pipeline cost. Also, the price and the lifegiwf the fuel cell and the electrolyser

are based on the factual values and can changiyrapthe future.
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Characteristic HyLink System Power Line
. NZ$55,000 NZ$60,000 -NZ$100,00
.Inltlal cost - current configuration - underground wiring require|
incl. labour - incl. pipeline moleloughing| a trench
- overhead wiring complicatd
due to difficult terrain
NZ$17,000 2 x NZ$2,500
C(_)St of ) - electrolysis setup - step up and step down
conversion devices NZ$16.000 transformers

- fuel cell system

Energy loss at
conversion
devices

ne/conv = 60%
- converter/electrolyser
subsystem

npemfc/inv = 35%

(electr.)
- fuel cell/inverter subsystem

2 x 200 W power loss
- power consumption at botH
transformers

Lifetime

50 years
- MDPE gas pipeline

4,000 operational hrs
- ReliOn PEM fuel cell

10,000 operational hrs
- PEM electrolyser

60 years

Energy Storage

Hydrogen pipeline/tani
- easy to scale up

Batteries
- expensive for large-scale
storage

Table 4.1HyLink comparison with the alternative power limstiallation
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5. Pressure Tests

5.1 Estimating the Frictional Pressure Drop

The total head loss is regarded as the sum of n@gees, due to frictional effects in
fully developed flow in constant-area tubes, andhanilosses, resulting from
entrances, fittings, area changes, and so on (Aokonald & Pritchard, 2004). For

the present investigation only the major lossesansidered.

At the current stage the PEM fuel cell operates ibatch-wise mode, repeatedly
filling and draining the pipeline, so there is mtinuous hydrogen gas flow through
the pipe. Nevertheless, an estimation of the maxinaional pressure drop for the
current configuration of the HyLink system, whick at the maximal fuel cell
electrical output of 1 kW (15 SLPM or 0.00025 std st hydrogen flow), will

illustrate the importance of frictional pressurelr

The hydrogen flow regime in the pipeline can beedatned by calculating the

Reynolds numbeRewhich has to be less than 2300 for the laminag.cas

Vq 1247 00016m
Re=—1= S — =1057 (5.1)
V' 18smos ™

<

<=

v mean hydrogen velocity [m/s] i.e. flow rate/pipess sectional area,
(1.24 m &)

di internal diameter of the pipe (0.016 m)

Vv kinematic viscosity of hydrogen fra] i.ew = U/ p

U dynamic viscosity of hydrogen (8.35*tINs/nf)
0 density of hydrogen (0.089 kghat 273 K and 101325 Pa, which
corresponds with 0.445 kg at 4 barg)

A cross sectional area of the pipe (0.00G2 m

-41 -



In laminar flow the friction factorf is a function of Reynolds number only; it is
independent of roughness (Fox, McDonald & PritchafiD4).

f. = % =0.061 Zp.
Re

lam

The frictional pressure drop in the pipeline witte tengthL of 2000 m can be now

calculated either using the Darcy-Weisbach equation

—2
Ap = di D% Of,. = 26kPa= 0.026bar (5.3)

or the Hagen-Poiseuille equation:
Ap = 32’U\2/L = 26kPa= 0.026bar (5.4)

5.2 Hydrogen Diffusion Rate Measurement

After connecting the pipeline to the hydrogen piohin subsystem on the hilltop and
the hydrogen consumption subsystem at the woolshkd, system’s leaks,

underground and aboveground, were eliminated. liyindle pipeline was ready for
the hydrogen diffusion measurement. The results fitee previous study at MU were

used as a benchmark.

Prior to filling in hydrogen, the pipeline was fhed with oxygen-free nitrogen to
make sure there was no oxygen inside, which coubdte an explosive mixture
together with hydrogen. Then hydrogen was injeatsithg an appropriate pressure
regulator at the top-riser up to about 4 barg. Aflesing the valve at the top, the
pressure was released at the bottom valve in todelease the heavier nitrogen first.
This procedure was repeated to make sure thatipreeipfilled with pure hydrogen.
Finally, the pipe was pressurised with hydroged.atbarg and left. Industrial grade
hydrogen (>99.5%) compressed at 152 bar (at 137@ni E-size cylinder from BOC
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Figure 5.1Pressurising the pipe with hydrogen at the toprrise

was used. After one week the pressure drop in ihe was recorded. The result of

two experiments was a pressure drop of 42.5 kP&lwee

This value can be converted into power loss asvi@l The volume of the pipe is 402
L which provides space for 18 mol of a gas at STiRe pipe was set at absolute
pressure of 5.1 bar, hence 91.8 mol. The absol&sspre recorded after one week
was 4.675 bar, hence 84.2 mol. As a result, the&khde/drogen loss was 7.5 mol or
168 stdL. That implies 0.015 kg/week and 0.5 kWkekvat hydrogen’s LHV. As a

result, the average power loss throughout a week3N4.

Considering that the current HyLink design planshé&we the fuel cell operating at
pipeline pressure between 1 barg (2 bar absoluteé)2abarg (3 bar absolute), the
above power loss of 3 W must be recalculated watu$ on the average pressure of
1.5 barg (2.5 bar absolute) during the fuel caperation. The equation (2.2) can be

therefore converted into the following form.

— P Ij'A\nean (it DAp
Z

Q
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From this equation can be derived that the presagreand the amount of the
permeating ga® are directly proportional. This means thatgtof 2.5 bar absQ)
can be expected to be 3.8 mol. Consequently, taeage power loss due to hydrogen
diffusion during the fuel cell operation will be @t 1.5 W at the current system

configuration.

5.3 Permeability Comparison with Previous StudiestaViassey University

The obtained hydrogen diffusion results were comgbato the records from the
previous hydrogen diffusion studies at Massey Usitye The hydrogen permeability

was therefore calculated using the formulas (2ntl)(@.2).

A.. =270—° """ pgL=11552m’

Inr, =Inr,
_ QLz _ 75molC0.0025m — 5510 mollm
A ...0t0Ap 11552m* 0604806 148875(Pa m’ 3[Pa

The above value for permeability is half the amoeedtulated for the 20 m MDPE
pipe at MU (see Table 2.3). The previous studieslipted hydrogen losses of about
15 mol per week, rather than 7.5 mol per week nredsat Totara Valley.

At this point it is important to note that the ppesed for gas permeability testing
were manufactured by two different companies (Ipbexd Waters & Farr). However,
as both companies are subject to Australian & Nealahd Standards AS/NZS 4131
‘PE Compounds’ and AS/NZS 4130 ‘PE Pipes, Pressyngications’, the MDPE

material used for both pipes can be consideree tihd same.
Worth mentioning is that the previous gas permégitstudies at Massey University

showed a significantly lower permeability coefficiefor the 20 m MDPE pipe,

compared to the shorter MDPE pipes. No scientdasoning could explain this.
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The most reasonable reason for the low permealzitigfficient measured at Totara
Valley is the lower outside temperature. This canshipported with the Arrhenius

equation describing the temperature dependendeqidrmeability as follows.

-Ep

P=P OeR" (5.5)

P permeability coefficient

Ep activation energy of permeation
Po frequency factor

T temperature

R universal gas constant

The previous experiments at Massey University vperdormed at room temperature
of about 20°C. The general rule of thumb for Arnlierequations says that for every
10°C increase in temperature the rate of reactiaubkgs. This conclusion

corresponds with the outcome that the permeabidity obtained from the previous

study was twice as high as the permeation measureédtara Valley at average 10°C.

In order to obtain the permeability coefficiditas a function of temperatufe it is

recommended to solve the equation (5.5). A commag t@ solve the Arrhenius
equation is by recording the permeability coefintgeat different temperatures. In
order to simplify the calculations it is useful tecast the equation in logarithmic
form. Taking the natural logarithm of both sidestloé Arrhenius equation gives the

following formula.
InP =InP, &
RT
By rearrangement, this equation can be put indgha Df a straight line.

InP:—EDEHnP0
R T
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Then, a plot olnP versusl/T can be made or linear regression performed dafeer t
permeability coefficients have been determinedgermeation experiments carried
out at several temperatures. The slope of theidir&p/R, from which the activation
energy of permeation can be obtained. The intelicdpP,.

5.4 Methane Test

The pipe at Totara Valley was pressurised with nahtgas in order to provide a

benchmark. The experiment was performed the samewa case of hydrogen. The
pipe was set at 4.1 barg and the pressure drop re@wded after one week.

Compressed natural gas at 152 bar in a G-sizedeyliwas used. The experiment was
performed twice and the recorded pressure dropinvasth cases approximately 15

kPa/week.

Comparing this result with hydrogen’s diffusionegatf 42.5 kPa/week, it was found,
that the diffusion rates of the both gases areestltp the Graham’s Law of Effusion.

Ratd _ M, 5.
Rate? M,

Ratel rate of effusion of gas 1

Rate2 rate of effusion of gas 2

M3 molar mass of gas 1

M molar mass of gas 2

42 5kPa/ Week: 0g= 16g/mol
15«Pa/week 2g/mol

It could be thought that an incorrect value for thelar mas#, was used, as natural
gas doesn’t consist of 100% methane. The natualcgenposition was as follows:
CH4 — 82%, GHg — 9.9%, GHs — 3.3%, CQ — 3.2%, et al (Vector, 2007). However,

considering that methane (GHs the lightest of all the components, it willffdse
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most readily (S. Broome, personal communicatiorgné¢, the value of 2.8 is correct
also on the right hand side of the above equation.

Figure 5.2Pressurising the pipe with CNG (left) and nitrogeaght)
at the bottom riser

At this point it is important to note that effusi@md permeation of gases through
solid materials are two different phenomena, whaoh subject to different physical
laws. Graham’s Law does not apply, if the passaagg i& very small, as it occurs for
dimensions of passage ways in-between the polyhns in materials such as solid
rubber® The industry provides the following permeabilityetficients for PE 80B
pipes at 23°C (James Hardie Pipelines, 1997):

« Hydrogen: 2.8 * 18 m®* m™ MPa* day"
« Methane: 0.56 * 18 m* m* MPa* day*

These values produce a ratio of 1:5 and not 12i8ia in case of effusion.

The above conclusions reveal a contradiction betvike both last subchapters. On
the one hand, the permeability comparison with ghmevious study at Massey

& www.getnitrogen.org/pdf/graham.pdf
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University suggests that the pressure drop in ijpe @t Totara Valley is solely caused
by permeation of hydrogen through the pipe walls.te other hand, the diffusion
rates ratio of hydrogen and methane is subjedieéoGraham’s Law of Effusion. As
the first step to solve this discrepancy, it isoramended to measure the permeability

of the both gases at exactly the same ambient tetupe.

5.5 Estimating the Maximal Power Transfer through he Pipeline

Finally, the maximal hydrogen flowrate through tpipeline was estimated. The
pipeline was therefore pressurised up to 4 bargthadbottom valve was opened.
Then, the time needed to release the hydrogenrgas4 barg to 1 barg through a %
inch vent was recorded. It took approximately fifigconds to decrease the pipeline
pressure by 3 barg, which corresponds with theasel®f 1.2 Nhof hydrogen, and
thus, with 12 MJ of energy at hydrogen’s lower heptvalue. This means that the
present pipeline is capable of transferring of a2 kW of power when working in

the pressure range of 1 barg to 4 barg.

12
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Maximum transported hydrogen power by
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Pipe inner diameter (mm) INDUSTRIALRESFARCH 5

Figure 5.3The maximum energy flowrate of hydrogen versudeozpipe size, over
a 4 bar pressure differential (IRL)
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The outlet flowrate is limited by the flow of gadgdugh the smallest restriction in the

pipeline, which peaks at the speed of sound forgdee For hydrogen the speed of
sound is approximately 1270 rit.S Figure 5.3 shows the maximum energy flowrate
of hydrogen gas through various nozzle sizes, avérbar pressure differential (S.

Broome, personal communication).

® http://hyperphysics.phy-astr.gsu.edu/hbase/soandfe. html#c4
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6. HyLink Modelling with HOMER — Data Inputs

A good modelling is paramount to the analysis ofiowative energy systems.
HOMER'’s well developed hydrogen module and theimgihess of its developers to
extend the software on new tasks were the crumaitp for its selection as the
simulation tool for the HyLink system.

6.1 Electricity Load Data

HOMER requires mean hourly electricity demand valfgg each month. The values
for the simulation were derived and averaged from previous studies at Massey
University (see 2.3.1) using the yearly averagd lof6.7 kW as a benchmark.

18

—e— Summer Autumn /\

: —=—Winter —a—Spring // %\\
;" AN/
P e Y

Figure 6.1 Mean hourly electricity load profiles for the whdletara Valley

community including the domestic load, the farndlaad the water heating

Figure 6.2 shows the primary load window in HOMBERaentering the mean hourly

electricity load data for the whole community fraagure 6.1. The hourly peak

demand of 15.8 kW appears too low given the yemargrage demand of 6.7 kW. This
is due to the averaging of the monthly values thiea® the seasonal profiles. In

addition to this, the overall load data consistfignean daily profiles for each season
(see Figure 6.2 DMap) appeared very synthetichdn ¢ase, the addition of the daily
and hourly random variability of 20% proved advaetaus.
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Figure 6.2The primary load inputs in HOMER

That way, the strong rounded hourly load data abkthia more realistic character
(compare DMaps from Figure 6.2 and 6.3) and thalhqeak load was prevented
from underestimation, now 26.7 kW. At this stage iimportant to note that HOMER
makes energy balance calculations only on an hobdgis. The most of the
community’s daily 10-minutes peak loads were mesbat around 20 kW in the
previous studies. The highest yearly 10-minutesk pead was measured at 70 kW
(probably during the shearing period). This reve#t® community’s strong

dependence on the grid capacity.
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Figure 6.3The primary load inputs in HOMER after applyingdam variability
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As the community’s electricity demand massivelywighs the current HyLink
configuration, the baseline data of 160 kWh/d wealesl to 20 kWh/d, an average
demand of one of the eight monitored sites at Bov&alley. After this modulation the
yearly average load became 0.83 kW and the houebk 3.32 kW within the
simulation (see Figure 6.3). As noted in Chaptén€el present paper focuses only on
the HyLink system itself and not the other techgae providing renewable power to

the community.

6.2 Wind Resource Data

HOMER calculates the wind turbine power output éach hour of the year. The
calculations are based on the monthly mean winddgp€elhe wind speeds used in the
present simulation are obtained from the NASA webSiThey are free of charge
and refer to a long term monitoring period of otaar years. The NASA wind speeds
for Totara Valley* with the annual average of 5.62 m/s match Murrayig NIWA'’s
annual estimations. The wind speed data from athefthree sources refers to the
anemometer height of 10 m.

In order to allow the user to control how the 8TF@furly values are generated from
the 12 monthly values, HOMER provides four settgg@eameters: the Weibull shape
factork, the autocorrelation factor, the diurnal pattererggth (DPS), and the hour of

the peak wind speed. The parameters are definfedl@ass:

* Weibull shape factok describes the breadth of the distribution of wspéeds
over the year (typically 1.5-2.5).

» Autocorrelation factor is a measure of how strontjlg wind speed in one
hour depends (on average) on the wind speed ipriéngous hour (typically
(0.8-0.95).

* DPS is a measure of how strongly the wind speeértépon the time of day
(typically 0.0-0.4).

19 http://eosweb.larc.nasa.gov/cgi-bin/sse/retscogiPemail=rets@nrcan.gc.ca
2 The NASA wind speeds are based on the latitud2316°(40.38 S) and the longitude 176°B3
(176.05 E) obtained via Google Earth as geograplication of Totara Valley.
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* Hour of peak wind speed indicates the time of dtey tends to be windiest on
average throughout the year (typically 14-16).

Bazeline data

Month ‘wind Speed = wind Regource
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Figure 6.4Wind resource inputs in HOMER

For the present HOMER simulation the values frorbl@&®.4 for Wind Site 1 (see
Chapter 2) were used as they represent the gewaines for the underlying site
resulting from the previous studies at Massey Usitaze The wind speed variation
with height can be influenced in HOMER either bypaking the most suitable surface
roughness length in case of the logarithmic catmnaor by choosing the right power
law exponent in case of the power law calculatsse(Figure 6.5).
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Figure 6.5Wind speed variation with height in HOMER
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The complexity of the terrain surrounding the saobmte has significant effects on
the magnitude of the autocorrelation factor (Littead et al., 2003). Thus the impact

of the hilly terrain around Totara Valley on thendiispeed is partially implied in the
value of this parameter.

14 Wind Speed PDF

o
N

104

ki

il

Frequency (%)

44

N

20 25
Value (m/s)

Figure 6.6 Weibull probability density distribution of the sitated wind speed data

Figure 6.6 portrays the Weibull probability densdistribution HOMER uses to
describe the frequency of the wind speed occurtertoe Weibull shape factérhas a
main impact on this statistical probability dendiinction.

6.3 Solar Resource Data

The NASA solar resource data based on long termitororg was chosen to predict
the power output of the three 48 W solar panelsl digeadditional battery charging
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Figure 6.7 Solar resource inputs in HOMER

within the HyLink system. The solar radiation maasuin previous studies at MU in
year 2000 shows a lower mean value (3.0 kWhdjrcaused probably by the below
average clearness of the atmosphere surroundinguthject site in the year of the

monitoring.
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Figure 6.8Global horizontal solar radiation (kW/ndaily profiles for each month at

the subject site

Figure 6.8 shows the expected trend of the globakzbntal solar radiation over a
year which is the result of the long term monitgrat NASA.
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6.4 Grid Inputs

At the current stage there is no national reguafommework in NZ encouraging
distributed generation. The view of the NZ powedustry seems to be, that any
electricity that leaks onto the network locally sltbbe treated exactly the same as
electricity which originated hundreds of kilometifesm the point of use, and that it
should be effectively sold through the wholesalerket (IRL, 2006). Currently,
Meridian Energy supplies electricity to Totara égllvia Scanpower as the line
company. Meridian Energy is the country’s largdetticity generator and the only
energy provider with certified carbon neutral eliedty. The company generates using

only renewable resources.

According to the energy bill from May 2007 obtairfeoim a Totara Valley resident,
the contracts between the local residents and titigy @re based on two types of
charges relating to separate meters, the MeridienRhytime (20.1 cents/kWh) and
the MeridianPlus Controlled (19.54 cents/kWh). Tatter rate is for the controlled
supply of electricity to those appliances that @astantly wired to a separate meter,
for example a hot water cylinder. In this casedlextricity supply can be turned off
during peak times for an allocated period specibgdhe utility. Within the scope of
the present simulation a general rate of 20 cestkyWh was used. The daily fix rate
(MeridianPlus Daily) of 51.47 cents per connectigas involved as HOMER's yearly
standby charge of NZ$188 per connection. The Et#gtiCommission levy charge of

about 60 cents per month was neglected.
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Figure 6.9The entered grid values for HOMER simulation

The net metering was activated within the simulgtiovhich means that the meter
runs backwards when surplus onsite generated pmaeeing supplied to the grid,
and hence the customers are charged only for theleetricity amount purchased.
The sellback rate was set at the same value gautishase pric&” There is no charge
applied to the peak hourly electric load each mdnthMeridian Energy so that no
value was entered into HOMER’s demand rate window.

6.5 Wind Turbine Inputs

The Air—X wind turbine represents the power soumrethe micro configuration of
the HyLink system. The turbine’s specifications dider the system modelling are

12\When net metering applies, it is not necessapgtdhe sellback rate equal to the power pricéadf
sellback rate is equal to the power price, thakiter than net metering because it means thatawer
being sold to the grid is always worth the retait@ even when more is generated than consumed.
With net metering, the value of the power sold® grid typically drops to zero once the generaison
higher than the consumption (Lilienthal et al., 2D0
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Figure 6.10Air-X wind turbine inputs in HOMER

shown in Figure 6.10. The capital costs includedbsts of the mast, the wiring and
the installation; therefore the generator replageroests are lower. The start-up wind
speed of the Air-X turbine is 3.58 m/s and thel stalde activation wind speed is 15.6
m/s. This can be read off from the turbine’s powarve. The input of the two
different quantities means that HOMER will considero energy systems, one
including the wind turbine and another one withitnat wind turbine.

The power curve for the Air-X wind turbine usedtive simulation is taken from the

manufacturer’'s website (see Figure 6.11).
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Figure 6.11Air-X power curve provided by the manufacturer
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6.6 Photovoltaic Inputs

The three solar panels installed on the hilltopvjgle a total of 144 Wp. The capital
costs were based on the rate of NZ$4.30/Watt an§i2R@ for the controller. The
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220 820 0 0.000 s00

oo

Cost Curve

Cost (§]

00
(N | ) | ] 200
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Q.00 004 002 012 016
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= Capital == Replacement
Output curment: ¢~ AC

= DC

Lifetime [years]

o
El:

Drerating Factor [%]

Tracking system Mo Tracking ﬂ
Slope [dearees)

Azimuth [degrees W of 5)

A4
EEE

Ground reflectance [%)

Help Cancel | 0K I

Figure 6.12PV inputs in HOMER

angle at which the panels are mounted, called lttyges matches the latitude of the
subject site. The azimuth angle of 180° indicatest the panels are tilted towards
North. No tracking systems for power output optiaticen were applied. The PV
derating factor is a scaling factor that HOMER &spto the PV array power output
to account for reduced output in real-world opegtconditions compared to the
conditions under which the PV panel was rated €hilnal et al., 2003).

6.7 Electrolyser Inputs

According to the VI curve recorded at 60°C by Lyauit (see Figure 3.9), the PEM
electrolyser used at Totara Valley can handle bW electrical power input. This
value matches the Air-X wind turbine’s maximal poveaitput based on the power
curve provided by Southwest Windpower Inc. At thtigzge, it is important to note that
under real conditions both components are not ipatied to reach the maximum of
550 W. The wind turbine due to its much lower otgpabtained from experience
(Figure 6.11), and the electrolyser due to opematib lower stack temperatdte

(Figure 3.9). As such both components meet thengpaeharacteristics, however, at a

13 The uncontinuous Air-X wind turbine operation ahd cooling effect of the ambient air will hardly
allow for heating up of the electrolyser, althoubl impressed cell voltage (2.1 V) is much highant
the thermoneutral cell voltage (1.48 V).
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maximal level of approximately 250 W, and consedyerclear represent the
bottleneck of the system. For the simulation it veéso assumed that the distilled
anode water circulates solely by the means of ée Idt, so that the water pump
power consumption (12 W) during electrolyser operatvas not considered.

Cogts Sizes to conzider
. . - Cost Curve
Size (K] | Capital [$] | Replacement [$] | D&k (3] Size [kw) 20
] ] 17000 10000 1] 0oon =154
0,550 =
210
B
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o001 02 0204 05 06
Lifetirme [wears] 2 4} Twpe ¢ AC Size [kW]
e === Capital === Repl t
Efficiency (%) B0 {} bC R sRiasemEn

Mirirnum load ratio (%) 0 ﬂ Help | S ||TI

Figure 6.13Electrolyser inputs in HOMER

In addition to the stack cost, the capital costiuide electrolyser electronics (laptop,
dc/dc converter, pressure sensors, and chargeotientr distilled water supply
assembly as well as the hydrogen treatment asserobty The replacement costs of
the PEM electrolyser are assumed to be lower tharcapital costs because some of
the components included in the capital costs hal@nger lifetime than the stack
itself. The efficiency of the dc/dc convertetderer> 85%) was combined with the
electrolyser’s efficiencyie = 66%). Furthermore, it was assumed that therelgser
runs always during the wind turbine operation approximately 6000 hrs/year (see
Chapter 7). As PEM electrolysers’ durability is ab&0000 operational hours at the
current stage of the worldwide research, a dutgbidif 2 years was given the

Lynntech electrolyser within the scope of the pn¢semulation.

6.8 Hydrogen Tank Inputs

Considering the pipeline’s internal diameter of mén and the length of 2 km it

represents a tank with a volume of 402.12 Litres.dny ideal gas, moles)(and
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volumes V) are directly related by the simplest equatiostate namely the classical

ideal gas law:

pV =nRT AP

Hence the molar volumé/(;) of any ideal gas at 0°C and atmospheric pregsure

* 3
v, = V _RT _8314*27315 m" _ 22_4L (6.2)
n p 101325 mol mol

This means that the MDPE pipeline can store 18 snofehydrogen molecules at 1

barg and 54 moles at 3 barg. Consequently, at@drassurised hydrogen gas weighs
108 g at 0°C. The pipeline was modelled as a 108dyogen tank because the gas
pressure in the pipe was originally planned to Itzdei between 1 barg and 4 barg.
The hydrogen loss due to diffusion through the pwa#ls was neglected.
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8500 u] 0.000
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" Abzaolute amount [ka)

I Reguire year-end tank level to equal or exceed initial tank level Help Cancel | ok |

Figure 6.14Hydrogen tank inputs in HOMER

The pipeline capital costs shown in Figure 6.14uide mole ploughing under right
weather conditions as well as the pipeline systestscincluding the pipeline, the
joiners, the both pressure gauges and the elestoofequipment hire.

6.9 Fuel Cell Inputs

The PEM fuel cell capital costs include also thetsmf the inverter, the controller

and the gel cell battery bank. The replacemenscn estimated to be lower because
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some of the costs involved in the capital costerréd components which have a
longer durability than the stack itself. The infatmon about the lifetime of the
Independence 1000 J48C was derived from the Cémtefuel Cell Research and
Applications at the Houston Advanced Research C€Hi&®RC, 2004).

Costs Sizes to consider
5 . 5 Cost Curve
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Description PEMFC ReliCin Type & AT Size (ki)
=== Capital == Replacement
~
Abhreviation |PEMFC L

Lifetime [operating hours) 4000 {0}
Fimirurn load ratio [2%) 50 {1}

Figure 6.15PEM fuel cell inputs in HOMER

The fuel cell/inverter system was modelled as amewmerating fuel cell. That way
HOMER recognises that there is no electrical cotoecbetween the renewable
sources and the load. The power losses at thet@m@#verer = 97%) were included

in the fuel cell’s efficiency curve.

@)

Hydrogen tank
— =
o G|
PEMFC Relidn Electrolyzer P

[l —@] A
Grid Primary Load 1 Air
20 Ewhed

33k peak

AC oC

Figure 6.16Schematic of the HyLink system in HOMER

after accomplishing the data inputs
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HOMER describes the efficiency of a fuel cell degieg on its output in form of the
efficiency curve. Therefore it requires the fuehsomption data for at least two
values of the power output. The values used irctineent simulation are based on the
following fuel consumption data provided by ReliOt6 SLPM at 1 kW and 7.5
SLPM at 500 W which corresponds with 15.46 SLPM &W and 7.73 SLPM at 500

W considering the inverter’s efficiency of 97%.
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Figure 6.17The ReliOn’s hydrogen consumption in HOMER

The fuel cell’'s fuel curve specifies how much dliedty it produces for a given fuel
input. As the ReliOn PEMFC is only used for elagtyi generation, the remaining
fuel energy was not considered to be convertec#d. iHence, the heat recovery ratio
was set at zero. Furthermore, no fixed time scletkds chosen in the HOMER'’s
generator schedule chart at this stage, so thatutiecell operates at any time of a

day.

The efficiency curve from Figure 6.17 shows thae REMFC achieves its near
maximal efficiency at about 500 W power output. Fois reason, the minimum
allowable load on the fuel cell was set at 50%t®sffull capacity (see Figure 6.15).

That means that the simulated ReliOn fuel cell aglerate only at 500 W or above.
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According to HARC, the efficiency of the ReliOn 2& seen to have a maximum of
about 40% near 750 W and is about 25% less atutpibof 250 W (HARC, 2004a).

The efficiency curve used in the simulation (Fig@d7) is more optimistic at
ReliOn’s lower power output.
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7. Simulation of the Current HyLink Configuration

First of all the HOMER version 2.42 beta (usedtast simulations) was replaced by
the recently developed version 2.67 beta whichhzardle the unique HyLink system
in a better way, in particular, it can better rausg that the modelled HyLink system
acts as a dc/ac conversion device. The previousiorerlisted illogical system

configurations, like for example grid/fuel cell, its optimisation results window. The
new HOMER version recognises that the fuel celusth@perate only as a part of the
HyLink component chain; however, it still fails tecognise it with regards to the

hydrogen tank (see Table 7.3).

Startup
¥ Feload last project on startup
[~ Automatically check for updates on startup

Frocessing
Iv Ot llogical spstem configurations from search space
[ Re-use previouzly calculated results when possible

Mumber of configurations o store in overall results ligt |200

Figure 7.1File Preferences in HOMER

This happened although HOMER was forced to onogittal system configurations
in the file Preferencesand despite the allowed option to consider zeressi(see
actual data inputs), and thus to ignore the sikbyleink components. All in all, the
HyLink system contributed by the way to the furtlemvelopment of the HOMER

software.

7.1 PV Role within the HyLink System

As mentioned in the previous chapters, the battetask is not to store energy to
meet the community’s load requirements. The hydrqgeeline takes this role. The
batteries store energy for electrical needs witthe HyLink system; for the
monitoring and control system as well as the dag@er and the data transmitter. As
the batteries are not included in the HyLink modelnpensation needed to be done
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to account for this HyLink-internal power demandheTsolar panel power output was
therefore investigated.

0.16- PV Array Power Output Monthly Averages
s max
% 0.12 daily high
% mean
S 0.084 i
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>
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Figure 7.2 Simulated PV power output over a year

According to the calculations made by HOMER, thepg&viels installed on the hilltop
provide a yearly average power of 20 W; in the semgb W and in the winter 15 W.
This will hardly meet the required system-intert@hd, especially in the winter,
considering that the main background energy conswithe initial HyLink system
configuration, the laptop, needs to be continuoustpe on- mode.

Euartity Yalue I rits Cuantity alue Lnits
Rated capacity 0144 kw Mirirnurn output 0,00 Ew
kean output 002 kw b airnum oukput QA6 k!
kean output 0520 kwhid | P penetration 0323 X%
Capacity factar 150 % Hours of operatian 4,375 hrdur
Total production 190 kwhur | Levelized cost 0338 $wh

Table 7.1Summarised yearly PV data

In order to generalise and simplify the HyLink mbdend thus, to enable a less
complicated modelling and analysis of another Hkleonfigurations, it was assumed
that the solar panels meet exactly the overall Higlinternal energy losses occurring
at the hilltop hydrogen generation subsystem a¢ agelat the woolshed hydrogen
consumption subsystem. This means that there abatteries and no solar panels in

the HOMER'’s system schematic.
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Figure 7.3Wind power based HyLink system schematic

7.2 Air-X Power Output

The Air-X wind turbine provides the net electricity run the electrolyser. Given the
high whole community demand, the sizes of the huwiits (max. 550 W) reveal that
the present HyLink system configuration was devetbfor R&D purposes rather
than for commercial application. Figure 7.4 illagés the Air-X wind turbine’s power
output calculated by HOMER based on the wind resoumputs from Chapter 6 and

the power curve provided by the turbine manufacture
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Figure 7.4 Simulated Air-X power output over a year basedhengower curve

provided by the manufacturer
The Air-X power output is estimated to be 80 W masly average. The monthly
averages are higher in the winter with approx. W0@nd lower in the summer with

approx. 60 W. The yearly wind turbine generatiottgga matches the yearly pattern
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of the community’s energy demand which is also &igim the winter; however,

obviously in a much smaller scale.

Quaritity | Walue | Units
luantity [ Walue [ Unitz |Minimum output 000 Kw
Total rated capacity 0550 kMW b asirnimn output 052 kw
bean output 003k WWind penetration 117 %
Capacity Factor 143 X% Howrs of operation B30 hrfyr
T atal production 633 kwhiwr |Levelized cost 0.319 $40wh

Table 7.2Summarised yearly Air-X data

7.3 First Simulation Run

HOMER simulates system configurations with all leé tombinations of components
that are specified in the components inputs. Tligvace discards from the results all

infeasible system configurations, which are thése o not adequately meet the load
given either the available resource or constraimis have been specified (Lilienthal

et al., 2003).

HOMER ranks energy systems based on their totalpretent cosCypc (or total
NPQO), sometimes called lifecycle cost. The most cigtetive energy system appears
on the top of the optimisation results li€pc in HOMER equals to the ratio of the
total annualised co$lann 1ot Of the system and the capital recovery fa@RfF, used in
order to imply the present value of mon€yn IS the sum of the annualised costs of
each system component including its annualisedalagmd replacement cost as well
as the annual operating and fuel (if applicabletcbased on the prescribed project
lifetime, currently set at 25 years. The salvagkiee®& compensates discrepancies
between the component and the project lifetimese &hguations HOMER uses to

calculate these economic values are listed below.

C - Cann,tot
" CRF(i,R,y)
Cann.tot total annualised cost [$/yr]
CRF() capital recovery factor
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[ interest rate [%]

Roroj project lifetime [yr]
N
CRF(i,N) = %
@+in" -1
N number of years
S - Crep Rrem
omp
Crep replacement cost [$]
Rem remaining life of the component at the end ofpihgect
lifetime
Reomp component lifetime [yr]

Since the grid is unlike any other component, HOMfaR ulates the costs associated
with the grid in a unique way. The grid capital t@sequal to the interconnection
charge, a one—time fee charged by the utility flowang a power system to be
connected to the grid. HOMER does not apply thestéegrid-only systems, but rather
to grid-connected systems that include some otéeemgtion source like for example
a fuel cell. For the present simulation the intercection charge is set at zero.
HOMER calculates the annualised capital cost ofgtiet the same as it calculates the
annualised capital cost of all other components,muyftiplying by CRF over the
project lifetime. The annualised replacement cdéshe grid is always zero. The grid
O&M cost is equal to the annual cost of buying &leity from the grid minus any
income from the sale of electricity to the grid.eT@&M cost also includes the yearly

standby charge.
Table 7.3 shows the optimisation results of thst fsimulation run with grid alone

ranking first as more cost—effective than grid-cected HyLink system ranking
fourth. The both system configurations in the meddre listed because HOMER
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doesn’t recognise the hydrogen tank as a fixed gfaithe HyLink component chain.

Both systems are illogical and should be ignored.

Sensitivity Results - Optimization Resuls |

Double click on a system below for simulation results,

:p ’L CB Ajrx |PEMFC Elec. | HZ Tank| Gnd Iritial Operating Tatal COE | Ren. | Capacity| PEMFC
(kM | W [ka) [ Capital Cogt [$/0r) MWPC [$/Wh)| Frac. |Shortage| [hrs]

:T: 1000 0 1.460 $18664 0200 000 0.00

:T: 0108 1000 $8.500 1,383 $26173 0280 000 noo

Lo 1055 1000 $ 35,300 E.149 $113809 1221 009 000 0

#—‘A\F 1 1 085 0108 1000 £ 43,800 £.072 $121.419 130 009 naoo ]

Table 7.3O0ptimisation results of the first simulation run

The most noticeable result of the first simulatiom is that HyLink’s fuel cell has
zero operational hours. The reason that stops HOM&R using the fuel cell is its
cost. The fuel cell's replacement cost is $12,000 iés lifetime is 4000 hours. That
means that at its full output of 1 kW, it would duze power for $3/kWh, without
considering the cost of the remaining HyLink comgais which supply the fuel cell
with hydrogen. As the grid provides the same prodac $0.20/kWh at any time,
HOMER decides to buy grid power and never turntanftiel cell. At this stage the
fuel cell durability and cost are revealed as stillting barriers in the implementation

of hydrogen technology.

The fuel cell's high fixed generation cost of 3Whk implies that the levelised cost of
energy COE) provided by the HyLink system alone will be mubigher. The
calculatedCOE equals 1.3 $/kWh (see Table 7.3) because in tinadlation the
complete load requirements are covered solely bygitid. The equation HOMER

uses to calculatEOEis listed below.

ann,tot

+E

COE=
E

prim grid

primary load served [KWh/yr]
total grid sales [KWh/yr]

Eprim

Egrid
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The currently available HOMER versions offer folioggy options to enable the

HyLink system simulation:

* removing the grid as a competitor and consideripgiifk as a stand alone
system

* lowering the HyLink system related cost or extegdis durability (in
particular the fuel cell) so it can compete witk trid

e constraining the grid capacity at a requested value

» scheduling the fuel cell to be on in certain tinnéshe day or the year on the

generator schedule chart

7.4 HyLink as a Stand-Alone System in HOMER

Removing grid from the system configuration and stdering HyLink as a stand-
alone system in HOMER allows for a better focugteHyLink system itself. In this

case HyLink has no competitor so that its full cayas used to supply power.

®)

Hydrogen tank

Ble—
Electralyzer
ool — A
PEMFC Relin Alr,
— 2|
Prirmary Load 1

20 kiwihid
3.3 kW peal:

&C DC

Figure 7.5HyLink stand-alone system schematic

7.4.1 Economic Considerations

The cost summary for the HyLink stand-alone systemar the project lifetime of 25
years is shown in Table 7.4otal NPCis estimated to be $106 thousands. Clear to

see is the significant impact of the energy conwardevices, electrolyser and fuel
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Compohent Capital [$] Replacement [$] O&M [$] Fuel [$] Salvage [F) Tatal [$)
Ar-x, 2.300 B2B i 0 118 2809
PEMFC ReliOn 16,000 4,562 a 1] -1.381 19182
Electrolyzer 17.000 50,924 I 1] -1.1E5 76753
Hydrogen T ank 8.500 ] a 1] -330 7A10
Spstem 43,800 66112 i 0 -3,652 106,260

Table 7.4Cost of the HyLink stand-alone system over theegtdifetime of 25 years

cell, on the overall HyLink costs. Their initial€ts and in particular their replacement
costs far outweigh the expenses for the wind terkand the pipeline. The above
mentioned durability is an issue not only for thelfcell (max. 4000 operational

hours) but also for the electrolyser (approx. 100p€rational hours). The electrolyser
is much more affected by the durability becausemliog to the simulation results it

operates 6100 hours per year, while the fuel adlf @41 hours per year. The reason
for this is that the fuel cell is forced to worklpmt a power output above 500 W (see

Chapter 6). The higher replacement costs of thetrelgser are well emphasised in
Figure 7.6.

Cash How Summary
80,000 == Capital
Replacement
Operating
60,000 = Fuel
Salvage
D g
2 40,0001
O
€
2
o i
i ;
a
i [
o —
-20,000

Air-X PEMFC Electr. H2 Tank
Figure 7.6 Costs of the HyLink components - overview

Figure 7.7 displays the cash flows of the HyLinlsteyn over the project lifetime of
25 years by distinguishing its respective composndhindicates that the electrolyser
must be replaced every two years and the fuelfostl in the Year 17. The wind

turbine and the pipeline replacement costs play @niminor part in this HyLink
configuration.
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The maintenance and operation costs of the HyLipstesn are not significant
because of the low amount on moving parts, fuebrauhy and automation of the

technical processes.

20,000 Cash Hows

== Air-X

== PEMFC ReliOn
== Electrolyzer
10,000 == Hydrogen Tank

-10,000+ I

-20,000+

Nominal Cash Flow ($)

-30,000+

-40,000+

-50,000

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Year Number

Figure 7.7 HyLink related cash flows over the project lifetime ofy2ars

7.4.2 Energy Flow within the HyLink System

The HyLink system configuration installed at Totafaley serves as a demonstration
and for this reason is sized in small dimensionstielVthe electrolyser runs at its
maximal output of 550 W, it fills the 0.1 kg,Hank (pipe), which corresponds with a
3.3 kWh tank®, within 6 hours. The pipe has two main tasks whieim be best
described as follows. During long wind periods, thpe can be used as an energy
transportation media and the fuel cell as a cohstéectricity provider at power
output constrained by the overall system efficierdyring short wind periods, the
pipe can be used as an energy storage media fes tivhen energy is required e.g.
peak demand or emergency. In this case the fuetaelsupply up to 1 kW electricity

one hour long (due to 35% electr. efficiency) udimg stored 3 bar of hydrogen.

4 Lower heating value (LHV) of hydrogen equals 38/8h/kg
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Figure 7.8Comparison of the mean hourly power profiles - mynoad,

wind turbine output and fuel cell output

Figure 7.8 displays the hourly power profiles of gimulated HyLink configuration
throughout several days of December. Looking & ithimust be kept in mind that the

load represents an average load of one of the mighttored sites at Totara Valley so

that the overall community load is eight times lghComparing the Air-X’s and the

ReliOn’s power output profiles, remarkable is thgact of the energy losses at the
converter/electrolyser subsystemydony = 60%) and the fuel cell/inverter subsystem
(Mpemferinv= 35%, electrical) on the overall HyLink efficignc
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Figure 7.9Ratio of the wind turbine and the fuel cell genienat
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Considering however that within that process anrggnearrier is produced and
consumed, and that the thermal potential of thé dak is not involved, the loss is
lower than one would expect — thinking of the Car@gcle constrained combustion
processes.

Tables 7.5 and 7.6 summarise the yearly fuel et @¢alculated by HOMER. They
contain some already mentioned values. The enegpe$ due to conversion are the
reason that from 690 kWh per year generated byAth&, 124 kWh per year will
reach the consumer. The fuel cell’'s mean electoogput of 0.517 kW refers only to
the time of operation. The mean electrical efficienof 35.7% refers to the

ReliOn/Inverter subsystem and the output of 0.507 k

[luiantity " alue Idnitz
Hours of operation 241 hrdwr
Mumnber of startz 241 sharksr
Operational life 166 ur
Capacity factor 142 %
Fixed generation cost 300 %4k
M arginal generation cost 0.00 $/kWwh

Table 7.5Summarised yearly fuel cell data

[uiantity Walue Units Cluantity Value itz
Electrical praduction 124 kKwhdyr| Hedroges consumption 104 kagdur
Mean electical output OE17 kW Specific fuel congumption 0084 kgfkiwh
Min. electrical autput 0500 kha Fuel energy input 348 kwhdur
M aw. electrical output 0593 kW Mean electical efficiency CLT 4

Table 7.6Summarised yearly fuel cell performance data

Figure 7.10 indicates that current versions of H®M@on't offer to consume the
stored hydrogen after a specific level in the tards reached. The fuel cell operates
whenever HOMER decides there is enough hydrogduetot and it is cheaper than
buying from elsewhere (T. Lambert, personal commation). As a result the
simulated tank level oscillates in the lower aré@0.1 kg capacity, which can be

seen in Figure 7.10.
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Frequency Histogram
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Figure 7.10Pipe content distribution

7.5 Simulation of the Grid-Connected HyLink System

The ReliOn’s high fixed generation cost of $3 p&¥tk made it non-competitive
against the grid. Different options lend themseltesactivate HyLink as a grid
supplement in HOMER.

7.5.1 HyLink Cost Reduction

The expenses entered in the input windows in Ch#&ptepresent the effectively paid
amounts. The electrochemical energy conversioncdsyihe electrolyser and the fuel
cell, have a massive impact on the lifecycle co$tihe system. Considering the fact
that these appliances are in the early market sdageas such represent limited-lot
products, their costs are commercially sensitivd after a market adoption period
can drop rapidly. Furthermore, the continuous inaproents in the product durability
contribute to considerable replacement cost reduosti

In order to make the fuel cell competitive agagrstl in HOMER, its fixed generation
cost must be scaled down to the grid electriciticeprof 0.2%/kWh. This can be
achieved either by reducing the fuel cell’'s reptaeat cost to $800 or enhancing its
lifetime to 60,000 hours. The most suitable wasnmdulate both quantities with a
following possible result: replacement cost $4,804 lifetime 20,000 hours, which is
within the bounds of possibility. In all three casdOMER allowed fuel cell to
supplement grid with 124 kWh/yr, the same amourhdke stand-alone option. The

monthly average electric production of all threeepators is given in Figure 7.11.
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Monthly Average Electric Production
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Figure 7.11Ratio of the grid, Air-X and PEMFC generation

As HOMER compares only generators with each otierremaining components of
the HyLink system are not included in the abovesaigration. Their cost can be
partially compensated with the higher initial casft the alternative power line

installation or should be considered as subsidaele current stage of development.

7.5.2 Constraining the Grid Capacity

Another way to simulate the HyLink system as a gtgplement in HOMER is by
constraining the grid purchase capacity in the aded grid inputs window. As the
hourly peak of the simulated primary load is 3.3,kiAé value of 2.3 kW was chosen
as the maximal grid purchase capacity. That wayltk&/ ReliOn fuel cell was given

the potential to shave every occurring peak denthrmlighout the year. Within the
scope of this simulation, the fuel cell was peredtto work at any output within the
range from 0 W to 1 kW. Applying these settings HERturns on the fuel cell

regardless its costs or its lifetime when needeguré 7.12 indicates that HOMER
also uses the fuel cell when the peak demand ghtbli underneath 2.3 kW, for

example on 18 of May.
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Figure 7.12HyLink fully compensating the peak demand in May
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Figure 7.13HyLink’s not optimal peak demand compensation lg Ju
The above figures illustrate two examples for hoyLidk can handle the occurring

peak demand. They show the grid covering the |Igueaxk demand in the morning
and HyLink balancing the higher evening péda&d. While the HyLink is able to
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Figure 7.14Wind turbine’s output flows prior to capacity sheges

compensate it fully in May, the higher peak loadJuly leads to still occurring
capacity shortages. The reason for that are not it higher peak loads but also

windless periods.
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Figure 7.15Daily pipeline filling process with hydrogen
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Figure 7.14 displays the same cut-out as Figur@ With included wind turbine
performance profile. Clear to see are Air-X's outpaws prior to every capacity
shortage. The first shortage, on"24f July, could have been avoided when the
capacity of the wind turbine and the electrolyserevarger, and thus, the HyLink’s
response faster.

After the above simulation, the fuel cell’'s yeadhectrical production was estimated
to be about 78.5 kWh and the yearly unmet load ki by HOMER. This means
that the HyLink system was capable of covering apijpnately 88% of the peak
demand above 2.3 kW. This result confirms HyLing@tential as a peak demand

compensation device.

A closer consideration of the fourth option of slating the HyLink system, namely
by scheduling the fuel cell, was not undertakerabse it would overlap with the last
described option - by constraining the grid cagadt current system configuration
the fuel cell can provide about 1 kWh/day at goaddaconditions. Obviously, it
would be scheduled at the time of the daily evepiegk load.

At this stage it is important to note that batctseviuel cell operation involves a large
number of starts, and hence, additional energywupson to go over the fuel cell’'s
cold-state, which also delays the system respdnsaddition to this, the hydrogen
diffusion rate through the pipeline wall can becaielevant as the gas pressure in the

pipe often reaches 4 barg.
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Figure 7.16Pipe content frequency for HyLink as a peak dentamdpensation unit
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In the following chapter the fuel cell’'s continuoogeration mode is investigated for
the present HyLink configuration.

7.6 HyLink in the Load Following Operation Mode

The above considerations refer to batch-wise fedl aperation. The fuel cell was

forced to operate at the minimal power output o® 39 in the subchapter 7.4 and
turned on only during the higher daily evening p&sdds in the subchapter 7.5. The
present subchapter aims to analyse the load fallpwperation mode of the fuel cell

for the current HyLink configuration.

Component Capital [$) Replacement [£] &M [$) Fuel [$] Salvage [$) Total [$)
Ajr 2.300 G26 1] 0 116 2.809
PEMFC Reli0n 16,000 15,093 i 1] -ER4 171,435
Elecholyzer 17,000 60,924 i 1] 1,165 76,799
Hudragen T ank 8.500 1] 1] 0 -930 7810
System 43,800 217,643 ] 1] -2 936 258513

Table 7.7Cost of the HyLink in load following operation mamleer the project
lifetime of 25 years

The stand-alone system schematic from subchapdewds therefore used and the
fuel cell was permitted to operate at any outputh@ range from 0 kW to 1 kW.

Table 7.7 shows the massive impact of the fuel cefit on the overall system
lifecycle cost (compare with Table 7.4).
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Figure 7.17Cost of the HyLink components in the load follonapgration mode
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Figure 7.17 shows clearly that in the load follogvimperation mode the fuel cell cost
outweighs the electrolyser cost due to fuel ceBisorter lifetime and higher

replacement cost (compare with Figure 7.6).

Table 7.8 indicates the reason for the increasedytle cost of the HyLink working
in the load following mode compared with its bateise operation (see Table 7.5). It
is the fuel cell’'s high number of operational howtsich makes its replacement more
frequent. Noticeable is the extremely low capafattor of the fuel cell caused by the
small wind turbine/electrolyser subsystem dimenss the low overall system

efficiency.

The most important result from Table 7.9 is the foel cell efficiency (compare with
Table 7.6) when working in the load following moajich can be explained with its

efficiency curve from Figure 6.17.

[Iuantity YWalue |Initz
Hours of operation 4122 hrdwr
Murmber of gtarts 1.246  ztartedor
O perational life 0970 wr
Capacity factar negs X
Fixed gereration cost 300 %k
targinal generation cost 0.00 $Awh

Table 7.8Summarised yearly fuel cell data in the load folluywoperation mode

Cluantity Walue U rits Cluantity Walue Linits
Electrical production 728 KWhivr [Hudrogen consumption 105 kg
Mean electrical output 00188 ki Specific fuel consumption 0135 kgfkwh
Min. electical output 10000004587 kMW Fuel energy input 349 kwhdur
Max. electical output 0096 |k Mean electical efficiency 222 &

Table 7.9Summarised yearly fuel cell performance data inldiael following

operation mode

The mean electrical output indicates that the éadll operating in the load following

mode would be massively under-utilised.
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Figure 7.18Pipe content frequency for HyLink in the load faling operation mode
Figure 7.18 shows the low average gas content enpipeline for HyLink’s load

following operation mode, which implies low loss#ge to hydrogen permeability

through polyethylene.
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8. HyLink Optimisation Modelling

8.1 Investigating the Wind Generator/Electrolyser Arangement

To find the optimal wind turbine/electrolyser argament is difficult due to the
fluctuating nature of wind power. In addition tasththe following factors must be

considered in this context:

» higher electrolyser cost compared with wind turbioasidering the same size
» the danger of stack overheating by operating alisvated output

* excess heat production at high current densities

8.1.1 Current System Configuration

In the current system configuration the rated poagput of the Air-X corresponds
with the rated power output of the electrolyserd dne electrolyser’'s power input
capacity can handle the wind turbine’s maximal autghis means that the whole
wind power can be converted into hydrogen and ttexally there is no need for the
dump load.

There is one thing which can be improved in thimm@gement, namely the capacity
factor CF. of the electrolysér, which was estimated to be 14.3% by HOMER in
Chapter 7.

= OBIKWIYr 143 (8.1)
876(h [10.55kW

This can be done by relative over-sizing of the dvinrbine and dumping of the
power output outweighing electrolyser’s input capaclhis would lead at the same
time to reduction of electrolyser’s levelised c@std hence, to the improvement of the

overall system economics.

15 Capacity factor of the electrolyser in HOMER cspends with its average yearly power input
divided by its maximal yearly capacity.
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In order to find the economically most suitable evimrbine/electrolyser arrangement
for the present HyLink system configuration in tbad following operation mode, the
Air-X wind turbine was taken as a fixed constandl @ne electrolyser capacity as a
variable. HOMER calculated then the systef@®E and the electrolyser€F, for

each arrangement. The results are shown in Table 8.

Electrolyser Relative System CF. | Electrolyser/Air-X Fuel Cell
Capacity [kW] COE [%] [%0] Capacity [%] [hrs/yr]
0.05 272.7 | 57.9 9.1 2671
0.1 238.5| 46.1 18.2 4122
0.15 145.8 | 37.8 27.3 4122
0.2 118.8 | 31.8 36.4 4122
0.25 106.9 | 274 455 4122
0.3 101.2 | 23.9 54.5 4122
0.35 985 | 21.2 63.6 4122
0.4 97.3 19 72.7 4122
0.45 973 | 17.2 81.8 4122
0.5 98.1 | 15.7 90.9 4122
0.55 100.0 | 143 100.0 4122

Table 8.1HyLink’s relative levelised cost and electrolyser&pacity factor at
different electrolyser capacities

Table 8.1 and Figure 8.1 show the increasing capdactor of the electrolyser by
lowering its capacity in relation to the Air-X wirtdrbine. The Hylink’s levelised cost
curve indicates that the systen€COE reaches its minimum at electrolyser’s capacity
of about 450 W. This means that the most econonia vgenerator/electrolyser
arrangement will be achieved by under-sizing thecteblyser by about 80% in
relation to the wind turbine. This would result the increase of electrolyser’s
capacity factor from 14.3% to about 17-18%. Thd ftedl's operational hours for
every simulation run indicate that its replacemenst has no impact on the

differences in the resulting system levelised c(ste Table 8.1).

The pattern of the relative syste@OE curve indicates that the electrolyser under-
sizing down to 50% (0.275 kW) of the wind turbinegescan make sense, if high
electrolyser capacity factor is required (up to 25%he system’s levelised cost

doesn’t increase significantly until this pointédeigure 8.1).
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Figure 8.1 Graphical presentation of HyLink’s COE in relatibmthe electrolyser’s

capacity factor and the electrolyser/wind turbineamgement

Figure 8.2 displays the anticipated excess gewerdly Air-X in relation to different
electrolyser capacities. It is clear to see thatdkcess electricity increase is high for
the electrolyser size between 0.3kW and lower, evhil is less significant for

electrolyser capacities between 0.3 kW and 0.55 kW.
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Figure 8.2 Air-X’s excess generation versus electrolyser capac
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In analogy to Figure 8.2, Figure 8.3 shows thetieiabetween the electrolyser/Air-X
capacity ratio and the excess wind energy fractibmdicates that the electrolyser
under-sizing down to 50% of the Air-X's capacitylinentail the dumping of only

10% of the available wind electricity. It indicatalso that further under-sizing of the

electrolyser would result in a rapid increase eféicess wind energy fraction.
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Figure 8.3Electrolyser/Air-X capacity ratio versus excessadvieneration fraction

8.1.2 Planned System Configuration

It is planned to integrate both wind turbines ike system, Proven and Air-X

(together about 2.5 kW), using a larger 1 kW etdgser being currently developed at
IRL. Similar to the subchapter before, the arranganof the both wind turbines with

different electrolyser sizes was investigated. #esProven wind turbine has the main
influence on the overall output of the both turlsinthe power curve of a 2.5 kW
Proven wind turbine provided by the manufacttfras well as the hub height of 6.5
m was used for the simulation.

18 http://www.provenenergy.co.uk/
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Figure 8.4 Air-X/Proven inputs in HOMER

Unlike 14.3% for the Air-X wind turbine (see Table2), HOMER calculated the
capacity factor of 23.7% for the Proven wind tugbiiThis result is linked with the
more advantageous power curve of the Proven wirtnn®, especially at the high
wind speeds. This turbine has also a slightly lonigee of operation, 6462 hours/year
instead of 6130 hours/year, due to a wider rangwiofl speed it can operate at.
Despite that, the electrolyser’s lifetime was laftthe value of two years. The fuel
cell’'s time of the load following operation was iesited to be 5811 hours/year
instead of 4122 hours/year (see Table 7.8), whamses a slightly more frequent
replacement of the fuel cell in this simulation. dnalogy to Table 8.1, Table 8.2
comprises the HyLink's relative levelised cost dffedent electrolyser capacities

using a 2.5 kW Proven power curve.

Electrolyser Relative System CF. Electrolyser/ProvenAir-X Fuel Cell
Capacity [kKW] COE [%] [%0] Capacity [%] [hrslyr]
0.55 132.8 | 49.8 22 5811
1 99.8 | 40.6 40 5811
1.5 91.2 | 33.8 60 5811
2 92.3| 284 80 5811
2.5 100.0 | 23.6 100 5811

Table 8.2Relative levelised cost and electrolyser’s capafeityor at different

electrolyser capacities for the planned systemigardition
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From Figure 8.5 can be derived that the lowestesydevelised cost can be expected
by selecting a 1.5 kW or a 2 kW electrolyser. Theice of a 1 kW electrolyser will
increase HyLink’sCOE slightly by 10%, and the utilisation of smallee@kolysers
will lead to a steep slope of the system’s levelisest profile. Thus, the economically
most advantageous arrangement will be achievedhdgresizing the electrolyser by
60% to 80% in relation to the 2.5 kW wind turbingnd hence, running the
electrolyser at its capacity factor of about 30%n€ldering the danger of overheating
and the electrolyser’'s lower efficiency at highesrfprmance, 70% to 80% are
recommended. This result corresponds with the outsoobtained for the current
system configuration (see subchapter 8.1.1). Tasore for the higher capacity factor
of the electrolyser is the above mentioned higlapacity factor of the 2.5 kW Proven
in relation to the Air-X wind turbine.
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Figure 8.5Graphical presentation of HyLink’s COE in relatibmthe electrolyser’s
capacity factor and the electrolyser/wind turbineamgement considering the

planned system configuration

Figure 8.6 shows that the extent of the excessddrgeneration due to electrolyser
under-sizing is expected to be more significannhtha case of the current system
configuration. The excess energy values includellsmaounts (up to 19 kWh/year)

of excess power produced by the fuel cell.
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Figure 8.6 Both wind turbines’ excess generation versus el&er capacity

Figure 8.7 indicates that under-sizing of the etdgser by 50% in relation to the
Proven wind turbine will result in dumping of abo2®% of the wind electricity
available. This is a considerably larger amounhtbstimated for the current system
configuration (see Figure 8.3). The above recomraénelectrolyser/wind turbine
capacity ratio of 70%-80% will involve approximateb%-10% of excess wind
power, which is still acceptable.
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Figure 8.7 Electrolyser/wind turbines capacity ratio vs. excesnd power fraction
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The discrepancy between the both simulation outsoshelearly explained in Figure
8.8. It is justified with the different exploitatiocof the high wind speeds by the both
wind turbines. While Air-X’s control system actieatthe stall mode at wind speeds
over 15.6 m/s, the Proven wind turbine keeps ge¢ingraat nearly rated output.
Consequently, there is a different impact of thending of the excess power. In case
of the Air-X based system it results in curtailiofsingle peak columns, and in case

of the Proven based system, in curtailing of wigkesk areas.
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Figure 8.8 Comparison of Air-X and Proven power output prafile

8.2 Investigating the Overall System Arrangement

8.2.1 Using Present Pipeline Size

The simulation of the HyLink system in the loadldaling operation mode reveals
that the fuel cell and the pipeline are underssii (Figure 7.18, Table 7.8, Table
7.9), which contributes to the rise of the systelaiglised cost. In order to identify
the economically most optimal system arrangemermtgaeting of different system

configurations was undertaken and their rela@@E compared. The pipeline volume
and the fuel cell capacity were therefore lefthet same value. The size of the wind
turbine/electrolyser subsystem, including elecselydown-rating of 80% in relation

to the wind turbine, was varied (see Table 8.3 Wmnd turbine capacity was altered
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by multiplying the 2.5 kW Proven power curve. Tharary load was set at a very

high value to prevent fuel cell’'s excess power piidn.

Proven Electrolyser Relative System CFs. CFpipe FC

Capacity [kW] Capacity [kW] COE [%] [%0] [%0] [hrs/yr]
2.5 2 100.0 9.8 8.3 5811

5 4 78.7 | 19.5 15.7 6107

7.5 6.25 88.3 | 24.3 19.4 6225

10 8 958 | 27.4 21.7 6283

12.5 10 106.6 | 29.8 23.4 6313

15 12 117.3| 31.6 24.8 6339

17.5 14 128.4 | 33.1 25.9 6356

Table 8.3Relative system COE and component capacity faetagferent wind

turbine/electrolyser subsystem capacities

The relative systen€COE curve indicates that the hydrogen generation sibsy
comprising two 2.5 kW Proven wind turbines and l&M electrolyser represents the
economically most feasible configuration at fudl’'seapacity factor of 19.5%. From
Table 8.3 can be derived that higher fuel cell cags can be achieved. However,
this would require a significant over-sizing of teepensive wind turbine/electrolyser

subsystem.
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Figure 8.9Relative system levelised cost at different wimblite/electrolyser

subsystem capacities
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Figure 8.10 illustrates the trends of the capafetyors of the HyLink components at
increasing wind turbine/electrolyser subsystem ciypaClear to see is the decreasing
slope of the fuel cell's and the pipeline’s capatactor curves. This is not caused by
the electrolyser, whose constant capacity factoulv@roduce a linear slope of the
both curves. The increasing excess hydrogen prmtucs the reason, despite the
relatively low capacity factor of the fuel cell. @lsurplus production is induced by the

low storage capacity of the pipeline (3.3 kwh).
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Figure 8.10Capacity factors of the HyLink components at defiferwind
turbine/electrolyser subsystem capacities

8.2.2 Using Different Pipeline Capacities

Consequently the impact of different pipeline sibesthe HyLink's levelised cost
was evaluated. The pipe’s storage capacity wasgfibrer set at four sequent multiples
of the present 0.108 kg hydrogen storage capafitg.fuel cell was programmed to
operate in the load following mode. Its maximal powutput was kept at 1 kW for

the whole system optimisation modelling.
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Proven | Electrolyser Relative System COE [%]
Capacity Capacity
[kW] [kW] 0.108kg | 0.216kg | 0.324kg | 0.432kg | 0.54 kg
2.5 2 100.0 101.4 102.8 104.0 105.4
5 4 78.7 76.3 76.9 77.7 78.3
7.5 6.25 88.3 70.4 69.8 70.2 70.4
10 8 95.8 72.2 69.4 68.0 67.2
12.5 10 106.6 78.1 74.4 72.0 70.6
15 12 117.3 84.7 80.1 77.3 75.3
17.5 14 128.4 91.7 86.5 83.3 80.9

Table 8.4Relative system levelised cost at different pipedizes and different wind

Figure 8.11 indicates that increased pipeline g®i@pacity to five times the present
value leads to lower syste@®OE This is achieved thanks the low cost and the high
durability of the pipeline in relation to the elemthemical conversion devices.
HOMER assigns the cost to the different pipe slzesarly based on the cost of the

present pipe. It is clear to see that every pipated system profile has its levelised

turbine/electrolyser subsystem capacities
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cost minimum, which shifts with increasing pipelisge. It is also evident that at

electrolyser capacity higher than 4 kW (wind tugbin5 kW) a larger pipeline makes

the system more cost effective in relation to therent system configuration.

Prove_n EIectronser CFy. [%]
Capacity Capacity
[kwW] [kW] 0.108 kg | 0.216kg | 0.324 kg | 0.432kg | 0.54 kg
2.5 2 9.76 9.76 9.76 9.76 9.76
5 4 19.5 20.3 20.3 20.3 20.3
7.5 6.25 24.3 30.7 31.1 31.2 31.2
10 8 27.4 36.6 38.3 39.3 39.9
12.5 10 29.8 40.7 43 44.6 45.8
15 12 31.6 43.9 46.6 48.5 50
17.5 14 33.1 46.6 495 51.6 53.3

Table 8.5Fuel cell capacity factor at different pipeline esz

Figure 8.12 shows the impact of the various pigessbn the fuel cell capacity factor.
It reveals that especially at larger wind turbime¢&rolyser subsystem capacities
(wind turbine > 5 kW, electrolyser > 4 kW) the uading of the pipeline is necessary,
in order to exploit the available wind energy mefgciently. Particularly during the

windy periods, a larger pipeline or an additionahk will be capable of

60

50 n//’a
S
§ 40 4
Q
]
s
2 "
S 30
Q.
I
O
8 20 A
©
I —=—0.108kg —e—0.216 kg

10 —4—0.324kg —e—0.432 kg

—=— 0.54 kg
0 T T T T T T T
0 2 4 6 8 10 12 14 16

Electrolyser Capacity [kW]

Figure 8.12Impact of different pipeline sizes on the fuel cefpacity factor
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buffering and not dumping the hydrogen amount oiginag the fuel cell’s capacity.
This will improve the fuel cell’s capacity factoné allow for its more constant

operation, which involves reduced amount of stamsl hence, lower power losses.

Prove_n EIectronser CFoipe [%6]
Capacity Capacity
[kwW] [kW] 0.108 kg | 0.216kg | 0.324 kg | 0.432kg | 0.54 kg
2.5 2 8.3 4.1 2.7 2.0 1.6
5 4 15.7 8.1 5.4 4.0 3.2
7.5 6.25 19.4 14.0 10.4 8.0 6.5
10 8 21.7 18.3 17.6 16.2 14.9
12.5 10 23.4 21.1 21.7 21.5 21.1
15 12 24.8 23.1 24.7 25.3 25.5
17.5 14 25.9 24.9 27.1 28.2 28.8

Table 8.6Pipeline capacity factor at different system comfégions

Figure 8.13 illustrates the capacity factor prafillor different pipeline sizes at
increasing wind turbine/electrolyser subsystem ci#paThe decreasing slope of the
smaller pipelines at higher hydrogen supply is eduby the increasing excess
hydrogen production. This results in sinking ofitleapacity factors in relation to the

larger pipelines over a year.
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Figure 8.13Annual capacity factors for pipes with differerdrsige capacities
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Proven Electrolyser
Capacity Capac>i’ty Fuel Cell [hrs/yr]
[kW] [kW] 0.108 kg | 0.216kg | 0.324 kg | 0.432 kg 0.54 kg
2.5 2 5811 5812 5812 5813 5813
5 4 6107 6108 6109 6109 6109
7.5 6.25 6225 6227 6229 6230 6230
10 8 6283 6285 6300 6318 6335
12.5 10 6313 6315 6341 6368 6408
15 12 6339 6343 6378 6426 6469
17.5 14 6356 6361 6407 6461 6521

Table 8.7Fuel cell’s operational hours at different systeomfigurations

Table 8.7 confirms that the fuel cell’'s operatiohalirs have an irrelevant impact on
the changes in the systeg@OE within this simulation (compare Table 8.4). Thanc
be justified with the small differences in the fudll's yearly working time, and

hence, insignificant changes in its replacements¢cggven the increase in initial cost

of the larger wind turbine/electrolyser subsystapacities.
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Figure 8.14Annual fuel cell operational hours for modelledteys configurations
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In addition to this, Figure 8.14 shows that thesen® clear similarity between the
relative systenCOE profiles (Figure 8.11) and the fuel cell operatibnours profiles.
While the first increase almost constantly aftesteep fall, the slope of the others
decreases with increasing wind turbine/electrolgsdasystem capacity.

The relative syster@OE curves from Figure 8.15 indicate that the econarpiimum

of HyLink configurations including larger pipelinesquires higher fuel cell capacity
factors. The profiles confirm also that an undéisetd fuel cell, a component
accounting for a significant part of the overalls®m expenses, is a reason for
considerable rise of the system’s levelised cosie TOE increase following its
minimum, especially in case of the smaller pipsghe result of the low energy buffer
capability of those pipes and the increasing impétie electrolyser cost.
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Figure 8.15Relative system COE versus fuel cell capacity facto
The main intention to include Figure 8.16 was tovshthat especially the more
voluminous pipelines at annual capacity factor argihan 5%, act not only as energy

but also as system cost compensators. This isaltleeir lower cost in relation with

the remaining HyLink components.
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9. Conclusion

The performance of the Lynntech PEM electrolyses wwestigated. VI curves at
different stack temperatures were therefore reabrde IRL's laboratory, which
indicate that the hydrogen production increasdbe@atsame voltage with higher stack
temperature. This is caused by improvement of thetics of the electrochemical
reactions and the decreased thermodynamic eneggyreenent of water electrolysis.
The electrolyser efficiency measurement at the difaifs full power input resulted in
66%. Thereby the stack temperature attained lesms tialf of the allowed limit of
80°C. The capture of the excess heat by insulatan improve electrolyser's
efficiency. The potential impact of the frost ore twater-sated polymer membrane at
Totara Valley during the winter time remains anuessA continuous electrolyser
operation requiring a larger battery bank and wintbine capacity represents a
solution. At the current stage, the constant watetulation through the anode is
being tested as a protection against membraneiriggé&/orth mentioning is that the
recent operation proved the electrolyser to be onadged despite the both winter

times at Totara Valley.

The PEM electrolyser and DCI-1200 alkaline fuel edficiency was determined by
measuring the hydrogen pressure drop/increase enptpe. The overall system
efficiency at the current stage was estimated taldmeit 25%, however it is aimed for
an efficiency of over 40% by optimising the fuellseand the electrolyser’s energy

conversion.

The system transition from IRL’s laboratory to Trat&/alley was documented. The
electrofusion method to connect the single pipeiretors as well as the crimping
method to connect the pipeline ends with the ripeosed to be capable. Both wind
turbines being tested operated underneath thesl@fgheir theoretical performance.
The mechanically controlled Proven wind turbine raped at about one quarter and
the electronically controlled Air-X at about ondfhat its expected power output. The
Proven’s rotor blockage indicated mechanical issuiglgin the rotational system of

the turbine.
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Pressure tests were performed on the 2 km longgiipetara Valley using hydrogen
and natural gas in order to test their permeabilitye results were compared with
previous studies at Massey University and with addtined from the industry. The
hydrogen permeability was measured to be 5.5 **1@ol m m? s Pa’ for the
present 2 km MDPE pipe. This is a half to a thifdhe result obtained from previous
studies on hydrogen permeability through MDPE at$&y University, which were
undertaken at room temperatures. The reason ferdibcrepancy is likely to be the
lower ambient temperature during the measuremefbtra Valley, which can be
supported with the Arrhenius equation. In ordeolbtain the permeability coefficient
P as a function of temperatufie it is recommended to solve the equation (5.5) as
described in Chapter 5. It was furthermore meastinatl the power loss due to
hydrogen diffusion through the pipeline walls dgrithe fuel cell operation will be

about 1.5 W at the current system operation mode.

A techno-economic analysis of the system was uakient applying the micro-power
optimisation software HOMER as a simulation toolol operation modes of the
system were investigated, the load following arelgbak demand compensating. The
simulation results reveal that the durability ahd tost of the electrochemical energy
conversion devices, electrolyser and fuel cell,tteemain hurdles which need to be
overcome on the path to introducing hydrogen basedgy systems like HyLink.

Finally, economic optimisation modelling of the dhsxale system by best
component alignment was performed. It was foundtloat the electrolyser capacity
down-rating of 80% in relation to the wind turbicapacity leads to the minimal
system levelised cost due to improvement of theaciéyp factor of the expensive
electrolyser. In addition to this, the impact ofrigas wind turbine/electrolyser
subsystems and pipeline storage capacities onuleckll capacity factor and the
system levelised cost in the load following openatmode, was analysed. The results
reveal that enhancing of the fuel cell’'s capaciactbr reduces system'€OE,
provided the pipeline has an adequate volume. Uitiadr outcome of the analysis is

that the upgrading of the pipe size has a lessfgignt impact on the system cost.
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10. Appendices

Appendix A

The following VI curves were recorded at differéatnperatures. It is important to
note that every single recording causes changeemipérature. The higher the
temperature fluctuation is, the less accurateasréispective VI curve. The VI curves
are arranged by increasing temperature of anode @idulating water. The last VI
curve at 60°C was provided by the manufacturemefdtack and can be used as a

benchmark. The temperature during this recording assumed to be constant.
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Appendix B

During the time of the following Proven performanueasurement there was a large

amount of optimal wind speed periods (>12 m/s).

3000

2500

2000

1500
Time [hours]

from 19.05.2006 to 12.09.2006

Proven (2.2 kW) Performance at Totara Valley

4 O
b )
o
*_:ﬁ
=
_ =g
- O
Te}
_q
—
I I I I I !o
© O O O O O o o o o o
o o O ;I o 1 o 1 o
n < < o o N N I

[M] Indino Jemod

- 109 -



-0TT -

V, A, m/s, %

: B R PR R NN
N ONSDMO®OONSIDMOO®ON

26/05/2008 0:00

N N N W
A~ O 0 O
26/05/2008 6:00
26/05/2008 12:00
26/05/2008 18:00
27/05/2008 0:00
27/05/2008 6:00
27/05/2008 12:00
27/05/2008 18:00
28/05/2008 0:00
28/05/2008 6:00
28/05/2008 12:00
28/05/2008 18:00
29/05/2008 0:00

(V) ua1na Xay

54
=
ol
<
<
S
g
Q
@
S

29/05/2008 6:00
29/05/2008 12:00
29/05/2008 18:00

30/05/2008 0:00

30/05/2008 6:00
30/05/2008 12:00
30/05/2008 18:00

31/05/2008 0:00

31/05/2008 6:00
31/05/2008 12:00
31/05/2008 18:00

1/06/2008 0:00

awiL

1/06/2008 6:00
1/06/2008 12:00
1/06/2008 18:00

2/06/2008 0:00

2/06/2008 6:00
2/06/2008 12:00
2/06/2008 18:00

3/06/2008 0:00

3/06/2008 6:00
3/06/2008 12:00
3/06/2008 18:00

4/06/2008 0:00

4/06/2008 6:00
4/06/2008 12:00
4/06/2008 18:00

5/06/2008 0:00

5/06/2008 6:00
5/06/2008 12:00
5/06/2008 18:00

6/06/2008 0:00

6/06/2008 6:00
6/06/2008 12:00
6/06/2008 18:00

7/06/2008 0:00

‘M 022 Inogeoliad awn uaalb ay) Bulnp indino X-ly rewixew
ayl ‘siy1 Buuspisuo) ‘(MRIGT uonesiunwwod [euostad) v £1- Al@rewixoidde
JO 19syo ue sey sbBogai X-1y Buimojo} ayl JO juawainseaw uaund syl

D Xipuaddy



Appendix D

The following figure explains the thermodynamicuggments for water electrolysis.
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Appendix E

The following figure represents the process diagdnthe HyLink setup at IRL’s

laboratory.
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