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ABSTRACT OF THE DISCLOSURE

An energy supply system for supplying hydrogen and electricity in an optimal
manner wherein hydrogen Is produced for consumers from a network of one or
more distributed hydrogen supply systems connected directly to hydrogen
production processes using water electrolysis which draws electrical power from
one or more captive electricity sources where all resources are connected and

have market access 1o a public electricity grid serving a variety of other electricity

consumers and power generators.
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Title: System For Controlling Hydrogen Network

" FIELD OF THE INVENTION

[0001] The present is directed to systems for controlling energy networks

and in particular to systems for controlling hydrogen networks.

BACKGROUND OF THE INVENTION

[0002] Hydrogen can be used as a chemical feed-stock and processing
gas, or as an energy carrier for fueling vehicles or other energy applications.
Hydrogen is most commonly produced from conversion of natural gas by steam
methane reforming or by electrolysis of water. Comparing hydrogen as an energy
carrier with hydrocarbon fuels, hydrogeh is unique in dealing with emissions and
most notably greenhouse gas emissions because hydrogen energy conversion

has potentially no emissions other than water vapour.

[0003] However emissions that have global impact, such as CO3, need to
be measured over the entire energy .cycle, which must include not only the
hydrogen energy conversion process but also the process that pmduCes the
hydrogen. Looking at the main hydrogen production means, steam methane
reforming generates significant quantities of CO, and, unless the emissions are
captured and sequestered which is only practical in sysiems that are very large
and where facilities to capture and sequester the gas are available, these gases
are released to the environment. In the case of electrolysis, since the electrolysis
process produces no environmental emissions per se and transmission of
electricity results in little or no emissions, if the electricity is sourced from clean
forms of power generation such as nuclear, wind or hydro, hydrogen production

by electrolysis generates hydrogen with near zero emissions over the full energy

cycle.
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10004] One of the most frequently cited impediments to the development
of gaseous hydrogen vehicles is the lack of a fuel supply infrastructure. Because
of the relatively low volume density of gaseous hydrogen it is not cost effective to
handle gaseous hydrogen Iin the same way as liquid fuels using central
nroduction at a refinery and transporting fuel in fuel tankers. Also. uniike natural
gas which is delivered to the customer through a pipeling, there is no iarge-scale
pipeline delivery infrastructure for hydrogen. Analysis of the problem has shown
that in the near term, because of the relatively low number of vehicles and hence
low market demand in any specific location, the initial infrastructure could buila
on the existing energy distribution systems, which deliver natural gas and
electricity, using on-site hydrogen production processes {0 convert these energy
streams to hydrogen. Using on-site' oroduction systems, a widely distributed
network of fuel supply outlets, which are sized to meet reiatively small demand
on a geographical density basis, can be created. The proposed solution of using
distributed on-site fuel production systems addresses the needs of a nascent
hydrogen fuel market where it may take decades for the fleet of vehicles 1o be

fully converted to hydrogen.

[0005] A hydrogen distribution system having a multiple number of fueling
stations connected to one or more energy source(s) in a hydrogen network is
disclosed in published Canadian patent application 2,271,448 (Fairlie et al) which
is fully incorporated herein by reference. The fuel stations on the network act
independently to suppiy local needs of hydrogen users but are controlied as a
network 1o achieve collective objectives with respect to their operation,
production schedule and interface toc primary energy sources. A hydrogen
network as a collective can be oplimized to meet a variety of environmental and

economic objectives.

[00006] Because the electrolysis process can be operated intermittently and
can be modulated over a wide range of outputs, an electrolyser fuel station can

be operated as a ‘responsive load” on the grid. It is also recognized that for

- 2.
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hydrogen networks based on electrolysis, because hydrogen can be stored, for -
example as a compressed gas in a tank, a hydrogen network can become a
secondary market for electricity providing “virtual electricity storage” or demand
shifting, oy deCoup!ing the elecirical energy demand for hydrogen production
from when the hydrogen Is used. The fueling stations in the hydrogen network
can also incorporate hydrogen powered electricity generators such as fuel cells

or hydrogen combustion systems which can use hydrogen made by the hydrogen

network to re-generate electricity and/cr thermal energy thereby acting as

emergency power generaling systems or as peak shaving eiectricity generators

to reduce costs or emissions during peak demand periods.

[0007] ~ Because the environmental benefits of hydrogen should be
evaluated over the full fuel cycle, it is important to the value proposition of
hydrogen fuels to be abie to measure and controi accurately the emissions
created in the hydrogen production process. In most electricity market designs
electricity is a commodity and it is often difficult to differentiate and assign
particular sources of electricity generation {o a particular electricity demand.
Hence it is difficult to precisely define the emission characteristics of power used
in a particular application. For electrolysers connected to the grid in a hydrogen
network, the emissions created by hydrogen production are thus ofien taken to
be the average or pool value of the generation mix on line or the marginal rate of

emission from increasing power demand when hydrogen is produced.

10008] At the same time there is recognition that, in the near term,
reducing carbon dioxide and other green house gas emissions is the primary
objective of hydrogen energy and so the electrolysis solution which offers nearly
zero emission production of hydrogen is of particular interest. If the emissions
from hydrogen production could be verified, a clean “emission-free” hydrogen
could be designated by an “environmental label” and receive emission credits
such as 'fuel tax rebates for avoiding the CO, emissions that would otherwise be

generated by using other fuels.

- 3-
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[0009] Optimization of energy systems is addressed in the following
patents which are eacnh fully incorporated herein by reference: US Patent
0432710 (Ishimaru), US Patent 6512966 (Lof), International Patent Application
WO 01/28017 (Routtenberg), 0 US Paiém 6673479 (McArthur), O US Patent
Application 2003/0009265 (Edwin), US Patent 6021402 (T akriti).

[0010] None of these patents adequately address the need for a system
controlling the delivery of energy to a geographically distributed network of
hydrogen production units in an optimized way and in a way such that

environmental attributes of the hydrogen production process can be audited.

SUMMARY OF THE INVENTION

[0C11] The present invention is thus directed in one aspect to a system for
ensuring that the energy flow producing hydrogen has a specific emission profile,
so that the hydrogen produced by electrolysis has a measurable emission
characteristic that can be compared with emissions from other hydrogen
production processes such as hydrogen produced by steam methane reforming
(SMR). This is preferably achieved by assigning specific energy flows to the
hydrogen production systems and auditing the energy flows to ensure that they

are used to produce fuel having the desired environmental values.

[0012] By assigning specific generation systems, “captive power
producers”, to produce electricity for the hydrogen network there is a significant

opportunity to optimize the operation of these systems on a large scale, where

~energy flows for instance exceed 1 Megawatt, in the context of the pubilic

electricity grid and electricity market where energy can be bought and sold into a
general electricity market taking advantage that hydrogen can be stored and

electricity cannot.
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10013] In this way optimizing the whole energy system encompassing
electricity and hydrogen fuel production, an energy utility can be created which
serves a two-tier market a prime market where electricity demands are served

and a secondary market where hydrogen fuel is produced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Figure 1 is a diagram of a hydrogen network in accordance with the

present invention;

10015] Fgure Z 1S a graph of general electricity demand for a public grid;
100106] Figure 3 i1s a graph of output power available from captive power
generators;

[0017] Figure 4 is a data flow diagram for a hydrogen network controller in

accordance with the present invention;

10018] Figure 5(a) is a graph of captive power available from a nuclear
power plant;

10019] Figure 5(b) is a graph of hydrogen demand;

10020] Figure 5 (c}) is a graph of a hydrogen production schedule;

[0021] Figure 5 (d) is a graph of captive power sold to a grid;

[0022] Figure 5 (e) is a graph of a hydrogen production Schedule for

fuelling fleets at night;

[0023] Figure 6 (a) is a diagram of a wind - hydrogen network in

accordance with the present invention;

[0024] Figure © (b) is a graph of wind power availability profile;
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[0025] Figure © (c) is a graph of captive power sale to grid;
10026] Figure 6 (d) is a graph of captive power for hydrogen production;
[0027] Figure 7 (a) is a graph of power supply for hydrogen production

including purchase from grid;

10028] Figure 7 (b) is a graph of emissions for hydrogen production:

10029] Figure 7(c) is a graph of specific emission rate for grid electricity;
10030] Figure 8 (a) is a graph of the marginal price of power on public grid;
[0031] Figure 8(b) is a graph of specific emission rate for public grid by
time;

10032] Figure 8(c) is a graph of specific emission rate for public grid by
demand;

10033] Figure 8(d) is a graph of specific emission rate for public grid by

~demand (including captive power);

10034] Figure 8(e) is a graph of specific emission rate for public grid by

Time (including captive power);

10035} Figure 9 is a diagram of a hydrogen network in accordance with the

present invention;

10036] Figure 10 is a data flow diagram for & 'hydrogen network with

ancillary services in accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

10037] The present invention addresses the probiem of producing

verifiable clean hydrogen fuel from a hydrogen network while at the same time

- O-
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optimizing the operation of such an energy system in an eiectricty market of
multiple users and one or more electricity generators connected by a public
electricity grid. The invention contemplates an energy source optimized hydrogen
network based on optimizing hydrogen and eiectricity supply to meet customer
needs while controlling fuel production emissions within a pre-defined

specification.

[0038] A distributed network of elecirolysis systems is a preferred method
of hydrogen production as it is potentially the cleanest method of hydrogen
delivery. Since the electrolysis process produces no harmful emissions, the by-
products are oxygen and water vapour, and since the transmission of electricity
to the electrolyser produces no emissions such as produced by trucking tankers
of fuel (either directly or indirectly through increased traffic congestion), the
harmful emissions generated by the electrolysis process are entirely dependant

on the form of primary elecitricity generation.

10039} Hydrogen energy systems have been demonstrated such as photo-
voltaic (PV) hydrogen vehicle fueling stations (Xerox/Clean Air Now), which
operate “off-grid”, solely powered by renewable emission-free electricity
generation, and hence demonstrate in conjunction with hydrogen fuel cell
vehicles a virtually emission free or “zero emission” energy system. However PV
power systems are expensive and occupy a lot of space and so other types of
clean energy systems need to be considered including wind, hydro-electric,
“clean coal” (scrubbed and CO, captured and sequestered) and nuclear. These
power generation systems are only cost effective on & large scale when operated
like a commercial power plant and cannot be scaled down to the size determined
to be appropriate for on-site hydrogen production in a hydrogen network (which
constitutes a load of typically less than 20 MW per fuel outlet). A cost effective
solution is to use the power grid and connect clean energy resources to the '

electrolysers in the distributed hydrogen network.
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[0040] However in many electricity markets clean forms of power
generation are not differentiated from other forms of power generation and so
clean hydrogen production cannot be demonstrated as the emission rate is taken
to be either the average emission rate of all eleciricity generators producing
power on the grid or the marginal emission rate of the generating system

operating when electrolysers are connected.

10041] Furthermore the operating characteristics ot the individual power
generators, particularly those that produce low emissions, and hydrogen
production systems make matching the electricity supply and hydrogen
production problematic. Wind energy, although clean, is intermittent, with power
produced only when the wind Is blowing and so power output is highly variable
and unpredictabie. Nuclear power on the other hana operates at a fixed output,
which also creates problems matching output to variable electricity demands.
Hydroelectric power having water reservoirs can be controlied o match demahd
but is a limited resource, and has great value on electricity networks, used to

help ramp up and down electricity supply during periods of peak demand, and is

~ widely used for generator control to control power characteristics such as power

frequency and voltage.

[0042] Furthermore the schedule of hydrogen production is dependant on
demand which can vary depending on time of day and from day to day, however
because of the ability to sio?e hydrogen for example as a compressed gas,
hydrogen production can be scheduled at times during the day when energy is
available in the cases for example when wind power is generated or at periods of

lower electricity demand.

[004 3] Because of the sourcing and operating issues cited above the
simplest solution is to include captive power generation systems in the hydrogen
network and optimize the hydrogen generation as well as electricity production as

a system on the grid. The hydrogen network could appear both as an electric

- 8-
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supply utility and an electrical load on the grid where the management of the
resources within the boundaries of the hydrogen network would be controlled to

yield a specified emission characteristic for the hydrogen produced.

[0044] To échieve optimal benefits from such a system a single point
hydrogen network controller is provided to schedule and control operation of the
different resources connected to the network. The operation of the energy
network created by the hydrogen supply systems and captive electrical
generators can be optimized by controlling electricity flows either to the

electrolysers or to the general electricity market connected to the grid such that

‘the contributions from minimizing the aggregated hydrogen production costs and

maximizing the aggregated value of power supplied from captive power
producers Is maximized, subject to the production constraints of ensuring
adequate hydrogen supply at each fuel location and achieving a pre-defined level
of environmental emissions for the hydrogen produced. The optimization
produces a schedule based on optimizing the following Objective Function over

the time horizon control actions can be taken:

V(t) : MAX {I[Rate of Fuel Production f' (t)* Fuel Value f'(t)lk + Y [Available
Power from Captive Power Sources f'(t) * Grid Electricity Value 1'(t)]}

k=1........ K electrolysers
=1........ J captive power generators
Eq.
[0045] Where defining the functions in the Objective Function, the Rate of

Fuel Production is determined by the available energy, from “captive” and grid
sources,; and the fuel demand at each location on the network. The fuel demand
depends on the customer demand forecast over the schedule period and the

amount of fuel inventory available in storage at the start of the schedule period.
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The fuel demand forecast could be determined by modeling customer demand or

through a direct measurement of hydrogen in customer storage systems.

[00406] Knowledge of the specific emission profile from electricity
generation is needed so that the fuel production can be labeled according to an
environmental impact specification and so If power is purchased from the grid to
supplement power from captive sources data is needed from measurement of the
average emission rate, or the marginal emission rate or at a rate which is
measurable and reasonably assigns emissions given the electricity market

design or customer choices on the grid.

100471 The hydrogen network is preferably controlied by a single point

Hydrogen Network Controller Whéch would scheduie l"f?zhe operation of the '
electrolysers on a “day forward” basis or in a schedule period co-incident to the
scheduling of the generai power gria so that power transactions with grid can be
scheduled. During the operating period of the scheduie the Hydrogen Network
Controiler would monitor operation of the different sites and power availability to

make supply corrections {o dbalance energy flows as needed.

[0048] Not only can eleciricity demand for the network collective be

tailored to supply but so can the production rate of individual electrolysers and so

the Hydrogen Network controller can set a production rate and hence schedule

the power consumption of each uni.

10049] And so the Hydrogen Network controller would determine an
optimai hydrogen production schedule based on an electric power demand of the

electrolysers, K in number, on the Hydrogen Network:

Total Electric Power Demand of Electrolysers '(t) = § [Rate of Fuel Production
f'(t)]* [Specific Power Consumption for Hydrogen Production at Station f'(t)]x.

Ea.2

where in the Objective Function (Eg.1):

- 10-
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S [Rate of Fuel Production {'(t)lk= Total Rate of Hydrogen Production f'(t)

k=1....K electrolysers
Eg.3

which is in balance with power supplied by captive power sources, J in number,

and available power from the grid:

Total Electric Power Demand of Electrolysers f'(t) = Y [Power for Electrolysis from '

Captive Power Source; f'(t)]; + Power for Electrolysis from Grid (1)

i=1....d captive power generators
i=1....J captive power generators

Ea.4

such that over the schedule period the foliowing requirements are met, acting as

constraints to Rate of Fuel Froduction and the optimization process:

[Fuel Available in Station 1'(t+At)] [Fuel Inventory f'(t)] +[Rate of Fuel
Production f'(t)- Rate of Fuel
Consumption f'{t)]x * At Eq.5(a)

2 [Customer Demand for Fuei at Station
i+ At Fuel Selling Price)] i Eq.5(b)
< [Maximum Siorage Capacity of
Station,/ Eq.5(c)

k=1.....K electrolysers (fuel stations)
£0.5

and the emissions specification as proscribed by the environmental label are
met.

[0050] Where in Eq.5(a) Fuel Inventoryg is the measured amount of fuel
“on-hand” such as measured by pressure, temperature, volume in compressed
storage tanks or such as measured by pressure, tempera‘tu‘re, volume, mass ‘of
metal hydride in metal hydride hydrogen gas storage, where in Eq.5(b)
Customer Demand for Fuel at Station, being a probabilistic function is setto a
defined confidence level of meeting the supply constraint. Rate of Fuel

Consumption, 1s determined by the Customer Demand for Fuel at Stationg

- 11.-
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forecast and Rate of Fuel Productiong in £Eq 5(a) would be adjusted {o satisfy
demand constraint at all times over schedule period. The full hydrogen storage
condition, Eq.5(c), is a hard limit constraint, however the station would be
designed such that at most times it has sufficient storage to meet demand and
provide a margin for storage capacity for making real time adjustments to energy

flows when the Network has an over supply of power.

[0051] The emission specification could define limits for a number of
different emissions including so called criteria pollutants which affect local air
quality at the location of the power plant such as niirous oxides, carbon
monoxide, sulphur compounds and hydrocarbon emissions as well as emissions
affecting the global environment such as CO, and other green house gases. The
environmental specitication may work on an instantaneous value such as in the
case of criteria pollutants where air quality emergency procedures are triggered
by achieving certain levels, or emission standards could be proscribed by time
average values measured over a specified period of time such, as required for
green house gas reporting in some jurisdictions. A key characteristic of the
Hydrogen Network is that emissions for the whole fue! cycle including the end
use applications such as hydrogen fuel cell vehicles, can be measured and
controlied very precisely since they occur only at the power station. Because
power plants aiready have to comply with certain reporting requirements the

emission monitoring is often in place.

10052] Based on specific emission profiles hydrogen production at each
location on the network would be scheduled to take advantage of the lowest cost
combination of captive power and grid power, which meets hydrogen production
and emission requirements. The emission profile is dependant on the emissions
of specific generating processes, which must also comply with local emission
standards. In the case of captive power generation the emission profile is well

defined, reporting directly to the Hydrogen Network Controller and can be h

monitored. In the case of power purchased from the grid depending on the

- 49,
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market design under which the grid operates either an average emission value
calculated for all power generators on-line or the marginal emission rate for

increase in power demand wouid be used.

[0053] And so the emission constraints on the Hydrogen Network

optimization can be written as:

For an emission; that must not exceed defined levels,

(S (Power for Electrolysis from Captive Source; f'(t)); * Emission Rate for
Emission, for Source ;) + (_Power for Electrolysis from Grid f'(f) * Emission rate
for Emission; for Grid) / (Total Hydrogen Production Rate of Network f'(t)) <
Proscribed Emission Level for Emission; per Unit of Hydrogen (t, location of
emission) '

=1.....L emission types .
Eg.6

j=1.....J captive power generators

where the Emission; specification may depend on time and geographical location.

and for Emission,, that must not exceed a pre-defined time average:

<<% (Power for Electrolysis from Captive Source; f'(t)); * Emission rate for
Emission,, for Source ;) + Power for Electrolysis from Grid f'(t) * Emission Rate
for Emission, for Grid>>4me ave/(TOtal Hydrogen Production of Network during
Time Period} < Proscribed Time Avg. Emission level for Emission,, per Unit of
Hydrogen Produced

=1.....M emission types

1=1.....d captive power generators

Eq.7
[0054] In markets where emission credits are transferable from power
production to fuel production, the emission reductions from captive power
sources providing power to grid for which the Hydrogen Network owns

environmental attributes can be applied to hydrogen fuel production. In this case

- 13.
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Eq.6-7 would be modified to include emission credits from power generation that

could be applied against emissions generated when fuel is produced.

[0055] The Fuel Value function in the Objective Function is the selling
price of hydrogen fuel per unit of fuel produced charged to customer less the cost
of hydrogen production per unit of fuel produced which depends on cost of
available power to the Hydrogen Network and the other variable process costs in
operating the particular electrolysis fueling system k ie. cost of water, operating

maintenance etg. :

Fuel Value f'(t); = Fuel Selling Ph’ce f'(t) — Fuel Cost "(Cost of Power f'(t),
| Fuel  Station  Variable Process Costs f'(t)y)
= Gross Margin for Hydrogen Production at Station f’(t)k

k=1 ...K electrolysers (fuel stations)
£q.8

The Cost of Power is the cost of power produced by captive sources, which
depends on variable costs such as the fuel cost of the generator and charges fdr

grid transmission, plus the cost of power that is purchased from the grid:

Cost of Power f'(t) =[3 Cost of Captive Power Source; (variable generating
costs, transmission charges) f'i(t) + Purchase Cost of Grid Power f'(t)J/[Total
Captive Power+Amount Grid Power Purchased I'(t)]

where

Total Captive Power f'(t) = S Power from Captive Power Source; f'(t)j

j=1 .... J captive power generators

E£qg.9

Because hydrogen can be stored at the sites, where it is being produced -aa\nd

dispensed to customers, ithe hydrogen production cost can be minimized by
scheduling hydrogen production at times, such as low electricity demand periods

on the grid, when grid power costs and grid power generation emissions are
lowest.

- 14-
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Within some jurisdictions, the selling price of hydrogen from the Hydrogen

Network is another variable, which could be changed to encourage fuel

purchases to balance energy supply and demand.

Fuel Selling Pn'cef’ (t) = Price f'(Customer Demand (i), supply capability at time
of week, competition pricing}

Eq.11

For example the period of lowest electricity demand and as a consequence
lowest cost and lowest siress on supply system is typically on weekends and
holidays. As a consequence because this a favoured time to produce hydrogen,
the price of hydrogen couid be lowered to promote consumption during these
periods. in this way through the Fuel Value Function and meeting constraint Eag.

5, fuel price can enter into the sysiem optimization to balance energy flows in the

Network, and would be part of the schedule information sent to the fuel station

network.

The Available Power from Captive Sources in the Objective Function is the total
power available from captive sources less the captive power that is committed to
the electrolysers for hydrogen production and is the power that could be sold by

the Hydrogen Network to the Public Electricity Grid:

Available Power from Captive Sources f'(t} = Total Captive Power f'(t) — %

[Power for Electrolysis from
Captive Power Source; f'(t)]]

Eq.12
where
Total Captive Power f'(t) = Y Power from Captive Power Source; f(1)]
= 1... J captive power generators
Eg.13

- 15.
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The Grid Electricity Value in the Objective Function depends on the selling price

for captive power in the electricity market of the electrical grid, which can also

include environmental credits from supply of captive power.

Grid Electricity Value f'(t) = Captive Power Selling Price f'(f, Green Attributes(t))

— Cost of Captive Power '(t)
= Gross Margin For Captive Power Sale to Grid f'(t)

Eg.14
where

Cost of Captive Power f'(t)= 5 [Cost of Captive Power Source; '(1)]/ (Total
Captive Power 7'(t)) _

J =1 .... Jd captive power generators

Eq.15

In some energy markets these credits, called "green tags’, may be fransferable
between the stationary power market and the transportation (hydrogen fueling)
market, and hence could be transferred to hydrogen production and used to meet

emission constraints in £g.6-7. In some power markets the emission credit iIs

dependent on the power it is dispiacing, or the marginal emission rate.

Depending on the electricity market design, the ability {o sell power into peak

demand electricity markets can contribute significantly o the Hydrogen Network,
since it iIs competing with peak power generators which are more expensive,

because of poor utilization, and which often have higher specific emission rates.

The optimization is performed over a specific time Interval so as to determine an
operating scheduie and fuel pricing and so as to optimize operating cost subject
to constraints of maintaining fuel supply reliability, insuring sufficient fuel is
available at each station io meet customer demand and meeting the emission
objective that the hydrogen produced has specific and verifiable emission
characteristic over the whole production cycle on an instantaneous or time

average pasis as proscribed by the emission standard.

- 18-
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The same scheduling algorithms can be used in longer running hypothetical
demand scenarios to determine the mathematically optimized number, size and
location of fueling outleis needed to satisfy demand in a region and the
necessary commitment to invest in captive electricity generation as well as the'
type of generation as it relates to the specific emission profile required to insure

specifications of the environmental label are met.

The fueling of hydrogen vehicles presents a potentially large load on the grid.
Projections for North American markets have shown that electrical power
required to fuel a fleet of fuel cell vehicles 'equivalent to the gasoline powered
vehicies on the road today would double the amount of energy handled by the
grid, and so the power transfers of the Hydrogen Network could have a huge
impact on the grid. Because the electrolysers can act as “responsive loads”
reacting very quickly and their production rate and hence power range can be
varied over a wide range, the Hydrogen Network under control of the Hydrogen
Network Controller can provide ancillary services to the electricity grid such as
providing operating reserves and even generator control services to insure
electricity network stability. These ancillary services if contracted and paid for by

the grid operator would be provided at the request of the Public Grid Operator
and would act as conditional constraints on the system.

Typically the request for Grid Power Supply Change would in the form of
directive 1o increase or lower fuel production at specific hydrogen generators or

groups of generators over time t to t +At depending on geographical location
hence through : |

Grid Power Supply Change at station,(t+At) =[Rate of Fuel Production f’(t+At)-
Rate of Fuel Production f'(t)]* [specific power consumption for hydrogen

production at station f'(t+A1)].

E£q.16

-17-
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where the new Rate of Fuel Production at time {+Af is now fixed for the period the

request is in effect. Applying this constraint other resources on the network may

need to adjust schedule to meet production constraints.

[00506] For example during the daily ramp up and ramp down in electricity
demand, the Hydrogen Network can disengage and engage electrolysers either
making power available to the grid frormn captive generation or reducing the
electricity supply by absorbing power from the grid. Because of the
responsiveness of these systems the Hydrogen Network can earn additional
revenue in these periods from the Public Electricity Grid operator, and because
of the distributed nature of hydrogen production units in the Hydrogen Network,
they can provide ancillary services to ihdividuai generators as well as
transmission lines addressing transmission capacity constraints. The services
provided by the electrolysers as “responsive loads” in the Hydrogen Network can
be supplemented by hydrogen powered electricity re-generation, which could be
available at the hydrogen fueling stations and which also could be under the

control of the Hydrogen Network Controller.

[0057] In some cases the request may not be load specific. In this case
the provision of these services would be guided by the same optimization in
£q.1-15 in terms of calculating value for captive energy flows however in this
case If contracted to provide services in terms of shedding load or increasing
loads the Network must react o the gnd operator request to meet these
requirement thus becoming an instantaneous operating constraint on the system:;

modifying Eq.4.

Grid Power Supply Change at stationg(t+At)= {3 [Fower for Electrolysis from

Captive Power Source; f'(t+tAt)]; + Power for Electrolysis from Grid f'(t+At)} -
{3 [Power for Electrolysis from Captive Power Source; f'(t)] ; + Power for
Electrolysis from Grid f'(t)}

[0058] For example If the Hydrogen Network is contracted to provide

operating reserves and the grid operator requests a Grid Power Supply Change

- 18-



10

15

20

25

CA 02455689 2004-01-23

but not from specific loads then the Hydrogen Network Controller would increase
Captive Power Selling Price in Eq. 14 reducing fuel production in Eqg. 1 until
sufficient power is made available to make up the power which the Network has
been contracted to supply. If on the other hand the Grid operator requests that
the Hydrogen Network absorb a power supply surge, the Hydrogen Netwoa’k'
Controller responds by reducing the value of Cost of Grid Power f'(t) in Eg. 9

increasing fuel production in £q. 1.

10059] In the case of the hydrogen network providing ancillary services,
the operating schedule would be conditional on demands from the grid operator
and so contingencies in terms of storage capacity and the amount of fuel stored
to meet customer demand in Eqg. 5 and emissions in £q. 6-7 would be needed to

insure the Network operates within these constraints.

[0060] Junder highly constrained market conditions hydrogen fuelled power
regeneration or back up power units could play the role of captive POWEr sources,
In cases such as providing back up power locally 1o grid under emergency
conditions or if there Is a demand spike In the electricity market. In this case the
regenerative systems act as captive power sources, which are run-when the
Captive Power Selling Price exceeds the variable cost of regenerating power
(Eq.9), based on, fuel cost = selling price of hydrogen, (Eg.11) and hence under
these conditions when operating the unit is profitable. This may occur even while
nydrogen is being producec on the Network. For example when power demand
on grid exceeds availabie supply but one or more fueling station on Network
have insufficient inventory to meet demand, Eq.5, and so must produce fuel. In
this case a virtual transfer of hydrogen fuel from one station to another can be

transacted through the electrical grid.

10061] In the preferred embodiment the Hydrogen Network would be a
wholesale buyer and seller of electricity and would operate as a hydrogen-

electricity utility having captive sources of energy with ‘defined emission -
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characteristics which it controls either through bi-lateral contractis with the
electricity generators or which it owns out-right. In this way the Hydrogen
Network owns the environmental attributes of specific power sources generating
electricity in a specified period. Because the system-wide hydrogen production
requirements are significant given that hydrogen is being used to fuel a large
fleet of hydrogen vehicles, the energy transfers into and 'out of the general
electricity grid will have a significant impact on energy balances in the public

electricity supply.

[0062] The preferred embodiment for the physical layer of the Hydrogen
Network, shown in Figure 1, consists of various captive clean sources of
electricity (31) connected o a Public Electricity Grid (33), various different
hydrogen users (38),(41),(40) in different geographical locations, which are
served by hydrogen supply systems contrciled by Unit Controliers (32) controlling
Electrolysis Hydrogen Production (35) connected to the same electrical grid (33)
to produce hydrogen on-site, filling storage tanks {39) and controlled by a single
point Hydrogen Network Controller (34) which exchanges data with each
" resource over an information network, the data carrier bemga telephone iihe (36)
or wireless device (37) or ihe grid itself (33). The hydrogen users which can be
fuelled by the network can include fast and slow fueling of hydrogen vehicles
(38), hydrogen fuel for emergency power systems (41) satisfying iobai or grid
demands, industrial processes requiring hydrogen {4C) and combinations of

these systems. The Hydrogen Network Controller (34) ext:hanges data with the

Electricity_ Grid Network Operator (42) regarding power transfers between the

grid eieotriciiy supply and the Hydrogen Network, these transfers being supply of

~power from Grid generators (43) to hydrogen users (32) or supply of captive
power (31) to Grid Loads (41).

[0063] in the preferred embodiment the captive sources of electricity
generation are a combination of wind and nuclear power and other forms of clean

power generation for which it is difficult to regulate electricity output to match
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general electricity demand on the grid. A typical daily electricity demand profile -
for the Pubiic grid is shown in Figure 2. The peak in demand (61) occurs between
11:00 AM and 5:00 PM. The power available from the captive generators: wind
(71) and nuclear (72), shown in Figure 3, has a supply characteristic different

than the electricity demand profile in Figure 2.

[0064] In Figure 1 the Hydrogen Network Controller (34) would collect data
from unit controll'ers 1...k (32) on hydrogen demand from Hydrogen Users 1..K,
(38,40,41), hydrogen inventory (amount of hydrogen stored at each site,
Hydrogen Tank 1..K) (39) and system capability data (equipment availability,
specific energy consumption) from the geographicaﬂy distributed hydrogen
generators, Electrolysers 1...K (35) controlled by the Hydrogen Network as well
as data from energy power availability from captive power generators, Captive
Power Generators 1...J (31) over the next schedule period (Figure 3), such as
the “day-ahead”, defining a time horizon for conirol actions. The scheduling of
Network resources would coincide with planning by the general electricity grid
operator (42) in order to negotiate transactions on grid with other power
producers, Grid Generators 1..m, and power marketers and distributors to buy
and sell power. The Hydrogen Network Controller would use this information to
determine an optimal scheduie for producing hydrogen in the electrolysers (35)
and supplying captive power (31) to Public grid (33) to meet general electrical
demands, Grid Loads 1..n, (41) taking into account mismatch between captive

power supply Figure 3 and the general demand profile for the Public grid Figure
2. '

[0065] The data flows for the Hydrogen Network controller are shown in
Figure 4. Captive electricity generation forecasts and an update on specific
emission rates from each power generator (1), along with déta from the hydrogen
generators and hydrogen application regarding user demand (2), system
status/capability data (4) (equipment availability, updated energy consumption) is

collected along with amounis of hydrogen in inventory at the different locations
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as determined from the pressure, temperature and size of hydrogen storage
tanks (3). Based on demand models (2) which are Jupdated based on historical |
data regarding hydrogen consumption determined by monitoring storage tanks
(3) and hydrogen generator (2) the Network Controlier (7) would calculate a
production schedule (Rate of Fuel Productiony(t)) necessary to meet demands on
a period forward basis such as a “day-ahead” schedule using £q.1 — Eq. 15. The
controller would exchange data with Public Electricity Grid operator (8) to get
data on the elecitricity market (6) which is typically created one-day ahead and
decide how much grid power it should buy (10) and captive power it should sell
(11) in order to its meet hydrogen production schedule, emission objective, and
maximize the contribution of captive power sold to the Public grid. Typically the
peak in the demand profile (61) in Figure 2 is the point of highest real-time
marginal costs and emissions on the Public Grid since typically fossil fuel
powered peak generators are used, an¢ so provides a favourable market for

selling clean captive power whereas in off-peak demand periods (62) the real-

time cost of power measured by marginag! cost is very iow presehtmg a buying

opportunity to the Hydrogen Network. The Hydrogen Neiwork controller would
negotiate the poWer purchases (10) and sales (11) with the grid operator and
determine the optimal produciion schedule for each hydrogen generator in the
Network (14), and send the schedule to each electrolyser ahead of the start of
the production period. The Hydrogen Network Controlier may further optimize
system by adjusting fuel price which would be included in the production
schedule. The Hydrogen Network Controller would thén ’moniior captive
electricity supply (1), hydrogen demand (2), hydrogen productidn (4) and

inventory (3) at the different fuel stations and make corrections as required.

[0066] [For example consider the case when the captive power system is a
nuclear power plant. In this case captive power availability is a constant power
output over the schedule period Figure 5(a). The hydrogen demand model

shown in Figure 5(b) for nydrogen production for vehicles, peaks in the morning
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and a larger peak occurs in the afternoon (51) extending into early evéning |
reflecting time when pecpie are not working and can fuel their vehicles. The
general market for electricity is expected to follow the profile in Figure 2 and so
the Hydrogen Network controller will operate the hydrogen production systems in
the period of low electricity demand and sell power from the nuclear power plant
in the peak period and so the production schedule will appear as in Figure 5(c)
and the schedule for captive power sold to the Grid appears in Figure 5(d). The
hydrogen produced during non-peak periods will be stored in hydrogen storage
tanks at the different fuel station locations. In this case the emission profile for
the hydrogen produced will be based on the emissions from the nuclear power

plant, and so will be essentially zero, Figure 5(a).

[0067] In another case the primary hydrogen demand is fueling a fleet of
commercial vehicles. Refueling commercial vehicles may have a very well
defined fueling period at night Figure 5{e), typically a low electricity demand
period, allowing direct or slow fill of vehicles at this time, hence reducing storage

requirements.

10068} By being able to utilize energy on a variable and intermittent power
basis the Hydrogen Network can provide energy management services to
increase the penetration of nuclear power into the grid supply during peak
demand periods. This will in the long run displace less efficient/higher emission
fossil fuel powered generators and increase power option availability for the
Hydrogen Network while reducing emissions from power generation for gnd

electricity.

[0069] in another Hydrogen Network shown as Wind-Hydrogen Network in
Figure 6 (a) , wind power turbines (80) are the capﬁve power generators. The
wind resources have a forecasted power availability profile shown in Figure 6 (b).
In this case the Network controller can sell a well defined block of the power

generated to the grid Figure 6(c) and use the remainder to meet hydrogen
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production requirements absorbing the variable hydrogen production into
hydrogen storage Figure 6(d). The Hydrogen Network Controller (84) can
regulate the energy flow to the grid hence saving the grid operator the cost of
having to handle the dynamic matching of supply and demand. The hydrogen
storage is sufficient to insure that exactly the amount of energy defined by the
controller is delivered to the grid. In the case of wind or solar day-ahead
forecasts would be used to predict power availability. Monitoring the rate of
power production the Hydrogen Network Controller can make real-time
adjustments to hydrogen production units to make up the difference between
actual and predicted production with the hydrogen production surpluses or

shortfalls carrying forward into the next day schedule.

[0070] In the particular case when wind resources are extremely variable a
dump load is needed tc zbsorb excess electricity production. In the case of
hydrogen systems excess hydrogen production beyond what could be stored in
tanks (83) could be injected into the natural gas distribution system (81) and heat
value of hydrogen could be recovered. In this way the maximum storage
capability can be extended in the optimization above relaxing the constraint in
Eg. 5. An emission credit could be earned for reducing COZ emissions by

s\ubstituting hydrogen for methane.

[0071] By being able to utilize energy from variable, intermittent renewable
power sources, and provide energy management to offset their unpredictable
nature, the Hydrogen Network can increase the penetration of the clean
renewable energy resources into the mix of power generation powering the grid.
This will in the long run increase power option availability for the Hydrogen

Network, lowering costs and the need for hydrogen storage systems

[0072] In another scenario at particular times the demands of the
Hydrogen Network may exceed the power available from captive generators. In

this case the Network operator needs to purchase power from the grid and would
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contract the supply of electricity from the electricity grid operator or from.
generators on the grid. For example if there were a large number of fleet vehicles
in many fleets fueling at night having the general hydrogen demand profile Figure
5 (e) and If the captive generator was a nuclear power plant with power
availebility Figure 5(a) the Hydrogen Network would sell captive power during the
day Figure 5(d) and use its captive power source at night to make fuel. In this
case however the amount of captive power is insufficient to meet the demand of
hydrogen production and the extra power needed to produce fuel during this
period would be purchased from the grid Figure 7(a). Depending on the
contractual details the emissions for this power delivered could be assessed on a
time-average system-average basis, and so could be and for this case is
assumed to be constant over schedule. This constant value would be used to
calculate the average emission for hydrogen produced by captive and grid
sources to insure emissions are within the limits of the specif‘ication Figure 7(b).
By providing clean captive power In peak demand periods the Hydrogen Network
Controller would contribute to reducing the specific emission rate (emissions per
kWh) of the grid. This characteristic can be further exploited in shifting the power
demand of the Hydrogen Network from captive to grid generators to take
advantage of lower power costs in iow demand pericds. Because in many control
areas nucleer power is the base generation system, grid emissions are lowest In
low demand periods. These two properiles can be combined to optimize the
operation of the grid to shift demand into lower demand/low emission periods and
shift clean captive power generation into higher cost/higher emission periods.
This is Hllustrated by Figure 8(a)-8(d). Figure 8(a) shows the marginal price of
power set by the grid operator or electricity market operator, which following the
demand profile in Figure 2, is reflective of marginal cost of production or the
price, which the grid power generator is prepared to take. If the Grid operator
acts as a market operator, this curve seis the marginal price plus transmission
cost that the Grid operator representing grid loads will buy power from captive

power generators in the Hydrogen Network and a marginal price at which power
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can be purchased by the Hydrogen Network for hydrogen production from the
grid operator representing grid generators. Associated with these price curves is
a speciiic emission rate for the grid, Figure 8 (b), which in general follows the
demand curve in Figure 2, because as the demand on grid generation increases
the emission rate generally increases, Figure 8(c), because less efficient/less
clean peaking generators are employec. In the power transactions with the

Hydrogen Network Controlier as shown in Figure 5(a), Figure 5(d), Figure 7(a) ,

the grid operator can lower the specific emission rate in peak periods, Figure 8(d)

and the Hydrogen Network Controller can earn higher revenue selling power at

the higher margina! grid power price at peak times, making up power as needed

for hydrogen production by purchasing power in off-peak periods, thereby

lowering hydrogen production costs.

10073} The action of the Hydrogen Network Controller would in this case
lower emissions for grid power generation while operating the Hydrogen Network
inside the emission limit for hydrogen production for fuel. In some markets the
credit for emission reduction for supplying power to the Public Electricity Grid
would be éxpressed in added revenue through emission crediis Which can be
traded in a public market, In other markets the emission reduction from the
power generation could be transferred as an emission credit to the production of
hydrogen. In such markets the emission attributes of power generation could be
transferred from one time to another. This would provide additional incentive to
the Hydrogen Network to provide clean captive power to the grid during peak
times, which in effect would displace high emission power and reduce emissions
produced by the whole energy sysiem as shown by taking area under the

Specific Emission Rate shown in Figure 8 {e).
Working out this example quantitatively in a case study:

We assume that Electricity Demand (Figure 2) resulis in two-tier electricity rate

for power from the Public Grid:
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8 cents per kWh in peak period 11:00 AM to 5:00 PM
4 cents per kWh in “off-peak” period 5:00 PM to 11:00 AM

which could be the price at which the Hydrogen Network could buy power from
the Public Electricity Grid. The specific emission rate will vary with time as a
number of different power plants makeup the Public Grid generétor mix. For
reporting, the emission rate is taken as the historical average and since grid is
mix of nuclear and coal and the average specific emission rate is around 10 gm

per kWh such as shown in Figure 7(c).

Furthermore we assume there is a “postage stamp” transmission charge of 2
cents per kWh to wheel power from the generator to the user, and so selling
power to the grid, the Hydrogen Network could expect to be paid the market price

less the transmission charge:

6 cenis per kWh in peak period 11:00 AM to 5:00 PM
2 cents per KWh in “off-peak” period 5:00 PM to 11:00 AM

Now assume that the Hydrogen Network owns rights to 50 MW of nuclear power
which is available on a continuous basis such as Figure 5(a) and assume the full
cost of power is 3 cents per kWh at the gate and the nuclear power plant has a

specific emission rate of 1 gm per kWh such as shown in Figure 7(b).

Furthermore assume from demand analysis that the seliing price for Hydrogen
fuel is $3.50 per kg (Eq.11), the costs of hydrogen preduction at the fuel station
less electricity cost are $0.90 per kg and it takes 50 kWh to produce 1 kg of
hydrogen.

Therefore the Fuel Value Function (Eq.8) for hydrogen production using captive

DOWeT:

1$3.50 — ($0.90+ (50kWh * (3 +2) cents per kWh))] per kg = $0.10 per kg
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for hydrogen production using grid electricity in the peak period
[$3.50 — ($0.90 + (50kWh * 8 cents per kWh))] per kg = - $1.40 per kg
for hydrogen production using grid electricity in the non-peak period

[$3.50 — ($0.90 + (50 kWh *4 cents per kWh))] per kg = $0.60 per kg

o and for the Grid Value Function (Eq.14) for selling captive power at the different

times:
($0.06 - $0.03) = $.03 per kWh during peak periods
($0.02 - $0.03) = $-.01 per kWh during non-peak periods.
Now looking at the emission rate associated with fuei production:

10 (10 gm/kWh * 50 kWh/kg) = 500 gm/kg-H2 using power from public grid
(1 gm/kWh * 50 kWh/kg) = 50 gm/kg-HZ using power from captive power

Now it we assume that the emission limit for the fuel proscribed by the emission

label is 95 gm/ kg and that this limit cannot be exceeded at any time in the fuel

15 production process, following constraint in Eqg. 6:
(@ * 500 + b *50) gm/kg < 95 gm/kg
where
a = fraction of hydrogen production rate powered by pubii‘o grid

b = fraction of hydrogen production rate powered by captive power

20 And so the emission constraint in Eg. 6 can be expressed as the constraint of the

maximum penetration of public grid power into the Hydrogen Network peing 10%.
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Now looking at the day-ahead schedule to meet production requirements of
fueling a large fleet of commerciai vehicles at night (Figure 5(e)) requiring 20,000
kg of hydrogen fuel (Eq. 3) will require 1,000 MWh of electric power (Eq.2). The
maximum production rate from captive power is 1,000 kg/h and so over the non-

peak period it can produce 18,000 kg per day.

The Hydrogen Network controlier would take the data above and determine a
production schedule maximizing the Objective Function (Eq.1) over the 24 h

neriod:

V(t): MAX{Z[Rate of Fuel Production f'(t)* Fuel Value f'(t)lk + Y[Available
Power from Captive Power Sources f'(t) * Grid Electricity Value f'(t));}

Subject to the constraints:

Limit grid penetration such that power for electrolysis from grid f'(t) < (50/9 =) 5.6
MW

Limit captive power such that power for electrolysis from captive power source <
50 MW

System must produce 20,000 kg in 24 h period.

From inspection of the equations above, the system will be optimized if the

following schedule i1s used for hydrogen production:

Hydrogen isn’t produced during peak period and captive power is sold to grid for
peak period (11:00 AM to 5:00 PM)

The captive power sold to public grid earns revenue (50,000 kW * 6h * 6
cents/kWh) =$18,000 over 24 hours plus reduces grid emissions by (50,000 kW *
6 h *(10-1)) gm/kWh = 2.7 tonne., which if there is a public market which trades
emission credits could be used to earn additional revenue or in same market can

be “banked” and applied againSt future fuel production.
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While for hydrogen production in the off-peak, the 50 MW of captive power and
5.5 MW of grid power, produces 1,000 MWh in 18 hours enough to produce
20,000 kg of hydrogen in 24 hours and because the grid power intensity Is less

~ than or equal to the constraint value the emission objective is achieved.

And following Eq.9:

Cost of Power f'(t) = 0.9* ($0.10 per kWh* 50 MW }+ 0.1 *($0.60 per kWh *5.5
MW)
=$4830 /h

then

Fuel Value f'(t) = (.9 * $0.10 + .1*$0.90) = $0.18 per kg of H2 over the 20,000 kg
produced in 24 h.

and so evaluating Eq.1:

V(t) = [(20,000 kg* $0.018 per kg) + (300,000 kWh*$0.03 per kWh)|

= $12,600 per day plus grid reduction of 2.7 tonnes of emissions.

This production schedule maximizes value of the resources in the Hydrogen

Network.

[0074] In another example of a different type of Network configuration,
Figure 9, a set of hydrogen users (91) in the Hydrogen Network such as a
community of homes or housing complex, may lie inside a physical zone (96)
which are powered by specific captive power systems (92) on a “private”
electricity micro-grid (93) maintained Dy the community such that some but not all
energy needs of the community are met by the captive power systems inside the N
zone. A zone controller (94) is used to regulate energy flows for hydrogen
production as well as other load demands in the zone including hydrogen fuel
production. In this case the Hydrogen Network Controller (95) would exchange
data regarding transfers of energy into and out of the zone (96) with the zone

controller (94) and the zone controller would balance and optimize the system
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with in its control area to achieve a measurable emission level for hydrogen

produced inside the zone.

10075] In another m‘arket the framework for optimization couid apply to
transfer of "green tags”™ or the rights to environmentai aitributes of the power
generated inside the Network and used for hydrogen production. In this case the
Hydrogen Network would purchase the “green tags™ for the entire output of a
“clean power” generator over a certain period of time preferably including periods
when the Public Electricity Grid marginal emission rate is high. Based on the
argument that the “clean power” displaces marginal power emissions the value of
the “green tags” are based on the marginal or average emission rate at the time
“clean power’ was generated. The Hydrogen Network controller would then

decide whether to produce hydrogen and apply green tags against the hydrogen

produced to meet the specification of the environmental label or not produce

hydrogen and sell green tags tc buyers in the electricity market for obtaining

credit to be applied in off-peak periods. Additional power could be purchased

from grid during period of low emission rate to make up short fall. For example
during a power peak when power is generated by an inefficient coal plant, the
Hydrogen Network Controller would decide not to produce hydrogen and apply
environmental attributes to electricity market and thereby gain credit for
displacing coal fired generation while at night during period of low grid emissions
when the grid is supplied by cleaner base load generation such as nuclear
power, he might purchase power from the grid to produce hydrogen. The net
effect from the purchase of green tags is that hydrogen of specific emission

levels is produced while at the same time grid emissions are reduced.

[0076] Assuming the public grnid has the General Electricity Demand
Profile in Figure 2 and Specific Emission Rate shown in Figure 8(b); the power
output of the clean power generator being effectively a zero-emission power
source would provide a marginal emission reduction equal to the marginal

emission rate of the grid. By producing hydrogen in the non peak period the
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Hydrogen Network controlier can apply marginal emission reductions in peak
times against hydrogen produced in nonh-peak times to achieve the required

environmental label. llustrating this transaction in a numerical example, based

~on the marginal emission rates If the marginal emission rate of the Public grid

during peak times is 1000 gm per kWh, and the marginal emission rate in the
non-peak period was 100 gm per kWh a net emission reduction of (1000-100 =
900) gm per kWh is realized by the whole system for each kWh transferred from
peak to non-peak times. To realize this gain, the Hydrogen Network would
purchase green tags from the output of the clean power geherator for a pefod of
time over the full day which would encompass both peak and non-peak periods.

The green tags that apply to peak times earning credits would be used in non-

‘peak times so that objectives of specific emission rates from hydrogen production

would be achieved by adding emission credits in Eq 6-7. The Hydrogen Network
Controller would optimize hydrogen production scheduié using “green tags” in a
similar way to captive power in a competitive electricity market in Eq. 1 subject to

emission constraints in £g. 5 and Eq. 6-7.

[0077] The optimizaiion of the resources in the Hydrogen Network

according to methods proscribed will also impact the design and layout of the

“physical resources particularly through minimizing transmission charges and

maximizing effectiveness of power regeneration systems. Generally speaking the
fueling stations constitute a distributed lcad which will be located in the same
locations as general electrical demand and so, as it is unlikely that the power
demand of fuel stations will exceed transmission capacity at a given location and
that the fuel stations themselves will operate in periods of low electricity demand,
that special transmission allowances or arrangements with grd will be needed
beyond those already in place. Also in designing the netWork there is an inhere.nt

trade-off between production capability and storage.

[0078] Based on the system characteristics however, the Hydrogen
Network designer can further optimize the design of the network based on
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followihg factors, which are a consequence of the Hydrogen Network and

optimization:

[0079] |.ocating the hydrogen generation at points on the electricity grid dr
network to relieve periods of excess supply over demand, or instability where a
renewable energy source is connected and making available a hydrogen
application that can absorb the hydrogen such as injection of hydrogen in a

natural gas pipeline;

[0080] Locating hydrogen generation and / or hydrogen storage and
regeneration at points on the grid or network to relieve periods of excess demand

for fuel, power and / or heat;

[0081] Locating hydrogen generation and / or hydrogen storage at points
on the grid where the capacity of the grid itself is constrained relative to the

available supply or demand for power;

[0082] Locating hydrogen power regeneration at locations to distribute
operating reserves and improve system reliability to avoid need for committing

larger units of generation;

[0083] Providing hydrogen fuel from the distributed network of hydrogen
energy storage devices as stores become depleted or additional demand is

expected; and

[0084] Providing a supplemental load to permit base load plants to operate

at their optimum efficiency and lowest emissions during periods of iow demand.

[0085] The Hydrogen Network operator could also work closely with the
other power generators on the Public grid to make pdwer purchases bilaterally to
improve emissions through demand management of specific generators such as
natural gas fired generation where a significant drop in efficiency occurs when

power levels are reduced and hence a significant increase occurs in specific
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emissions (emission gm per kWh). By increasing loads through hydrogen
production the generator is more efficient and hence produces lower specific
emissions.  In this way the Hydrogen Network can also act to improve the

efficiency of the Public grid.

10086] These actions could be formally coniracted by seliing ancillary
services to the grid. Because the Hydrogen Network can adjust energy flows
between captive power plants and hydrogen production in a very precise fashion
and on a ‘real-time” basis the system can provide short-term operating reserves
to the grid and even “spinning reserves” by making a certain proportion of the

demand for fuel production a “responsive” load. In this way, in the event of

outage of a generator or transmission line and the Hydrogen Network is
contracted to provide operating reserves, the Hydrogen Network controller would
be notified and would turn down the rate of hydrogen procduction to make power
available as required. Similarly in dynamic control when load is picking up at the
beginning of high demand periods or during periods when load is dropping off the

Hydrogen Network can operate as a variable power generator to facilitate the

- ramp up of power plants. For some forms of generation that are currently used

such as coal powered generators this will reduce start up times and increase the

efficiency of operation, resulting in lower specific emissions. in fact if the

electrical load is large enough, the Hydrogen Network could be used to

dynamically adjust load in the electrical network to improve efficiency and reduce
cost through potentially maintaining a higher level of control than other wise
available by adjusting output of conventional power generators. The tighter

control of the grid will result in efficiency improvement benefits which will accrue

- to the Hydrogen Network and which alsc lower specific emission rates for the

grid. These actions could be enhanced by regenerative systems that can be part
of the Hydrogen Network through “hydrogen energy stations” which incorporate

power regeneration from hydrogen fuel with hydrogen production.
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[0087] The list of ancillary services provided by the Hydrogen Network
could include: “spinning” type reserves (<1 minute dispatch time), operating
reserves, emission reductions (i.e. air quality emergency) and to some degree

generator control as well as relieving local grid congestion.

[0088] The provision of anbiliary services could contribute significantly to
the value of the Hydrogen Network. The ancillary services themselves would be
service requests from the grid operator which having been previously contracted
to the grid would act as constraints in the optimization in Eq.1 The data flow
diagram, In Figure 4, would be modified as shown in Figure 10 with the addition
of data input (15) from the Grid Operator (8) for the Hydrogen Network Controller

(7) to respond to Ancillary service requests (15).

10089] An ancillary service request would act like a higher level or
‘overriding” constraint on the Network optimization constraint either through
EqQ.16 specifying a certain load be increased or shed in the Hydrogen Network or
if non-specific change in power level through optimization of the resources

subject to changing power available to grid.

[0090] The impact on design of the Network so that the Network can
provide ancillary services, would be an increase in storage capability in the
system and a general increase in inventory to account for conditional constraints

and insure fuel supply reliability.

[0091] The above ideas describe a model for implementing @ Hydrogen
Network with definable emission characteristics, which can be implemented on a
Public Electricity Grid based on a single point Hydrogen Network Conﬁoiler, the
Hydrogen Network, being defined by the primary energy sources controlled by

the Network, would act as a hydrogen-electricity utility on the grid.

- 35.



CA 02455689 2004-01-23

B RS 4 g gl L T L L T DAL,
: PP e T e T e
W TR AT e TR TR A B4 M A R AE AR DTETTR TR A, *

M.d&ua&ﬁiz#ﬁx\% -y

YRR

el o A FT A
Al
-t Dy

o
4 ™
8‘%. N
" ¢ |
m e X
=
M &
m M T N AN IS A R ORE AR RN Y IR M TR
o ¥ AT A ..a...ﬁ).i‘ﬂ xwt\o &,\vzvvkl.ﬁ;mwruw&da.}; - g MR&
s ir, Q /:w.,.)v.%o, 1 .{....Iu..).. ....”
NISETE LU S LN
SR M M YOS mﬂf.% e
. 3 N . v
-y . ’ i .?i.n....r o
* YA ; .Wp ,.
; T re A.w
i Fe
§
..twl./ﬁ i ‘mn.vf\ud..w,w yf«w .-Nw. R
WM&HM g EREYY A2 .
w\,\ - x T i > il ey ania w
LAY /3 )
¥ y .
o «Q&
e » SreduTie St L T g BN N L e N A O A 3 A TN S L D 2 S WS D 0 Y L 20 e el L T IR AN A AP B
Y . % s -~ : ~ . Vro() 8,7 ? rnﬂ-tv.“xux N .w/...?.liﬁv ¥, .
M”WM W»va /MM . ./w / (PRI wrItoas LA TR w %}% : .fv . M “J.w .W,.J....m._ .0,..,,.. r),f..r M .
H.@M" 3 . . - JM . 4} . 3 = S
KA & 3 & B A T A A B DI RN s
. X 3 N N ATP O N - .
A “ u)v\\.u.' ..J.. “.v. e ..”

ARG A
)
T

I.k)-b

QPR DT A A i NDe T SR T e R R L

ST RN ALY

-~ Ol Qw.
e L4 %

e s e el WA R TR F B A L R R R e Ve 0 TR A ey o

A
2
.
Yoy, VJ\II’. K aies PR TR LR P N R N R IR repere 23, prdoY) .W
AV j ..w.m@ S w : B T VAN Bt L AN P 32 R T AN S TN A s S Kbt NP e s b P S
“ P . AN

%

PRS- 6

Ly

SO R e

.@"
G
k
3
9
¢
C
:
%
ot
kY
}"q’
L
w~ ¢ ’
o
Py
AN
Vo,
y Yy
' ¢
o
Wi é

iy

N
¢

e s
N

h\

4.5
e, “rtag D ]
- & N wW\ W = \..J;W ol . o e .
SVl Ty ¢ . . . . . . Ve . .
Neaa, ' A gy W AN <> iald wk.. 2¥ g M ) BT Tt Rms adare AT e S a0 e B e S e Y e I e e e AR N Ay b B e s pea e
e & : >asd

%,

.

.
.

e

s AR AR DRI

A ARG TR RS O R A R TR S R %unﬁao%ﬁe e A 6] R R

SRR R A AW A v v .n..

wn.wﬂ.
pxw,ww b% ﬁ J@, %‘m ki y!.,,

m \?Jv A OQ.) Jr/ w W

r¥e

e m%

¥
%

-

~
.

. JI-

T

G

iy

v‘/
X7 H . . . '
3 mmfw&\w a0 AR § P S e 3 N e b Y

by =) e vJ.. )

. MAeN L N e g w NI T Ly e e A L.

LR L R - .= - . ) . . -
T T AL AT el el M A Rt i s e et VY e mY e WA e W ST

b ekt iy B e e ad

.%hﬁ&?% b

RPN ST
W LTI AT

F
e

Py .,
%
ﬁ.

e adl
N P2 W‘MMMM\MW
m¢9<
4,‘?
X
?
W\z‘
T
MM? &\
a“w§
-
S
‘
P
o
y
LY A
YA e PN,
eaf TN ek

T S T AN IR RR M AT ore A e e .ﬁ%

LR |

Y AN AT AN bi‘ 3 -
A «J}z.a.uuw.\«v%ﬁ\«isua . -

L B B e N L N LT L L Oy R e

\*.

) DRRLTAL,

, - A e ; s
m o 1 A Y 3 :
&lf | . SRR S R R TR S R G RN N T S0 A L e At o f M % ;
~ hm.. P

X ey
i
f.
. A
e e b TR ST 'S
AEET P
m .

W e

R A L CL LA I W CAr S et g o= L, L B T T TR R L FITT IR TN P R W 3 SO TINE T SC AU U SR b or s i, SN ek S
s .

~

i
LEL = DO g B T .-.-J

. .. LN AL s e A TV >
et 8 R N AANRMA Y Bt YA gy St bt LLarg NS g el S A A D el SV AR B R S A A g - W
ey ..l‘.nl‘.zl\lﬁrl.s.)! A b aemlinmt e g v - -

.
-
7.
“~
N

AFC
TN
%.F.-W J ACIENNAY BIATN D e TG ARTEORA S O S At EEI‘E.?.‘ - v
L) .
. H

.wwm ,M?ww Wy S T Ma.fww

|
) W




R Vet

RO L

L&

R ITAN

CA 02455689 2004-01-23

X TR

N A AL

N Tt amd

N - . S— T — - - P— aws > RRTr) o 12 o NE e o i

: - R e T v " Ty e Rl R PRI . 2 -

oy P L N L LT I et el Tert e - B S T e I
: TN SRR S o A . ; - :

- . e Tt .- - . - . v .

b3

3 v

.,.
B

.n..?, 3 VANLA ..%

T Py > .

* v,zﬁ% WOLW f% LN m .ﬁ.(..ﬁ..,da..

~

X e ok
1 s - AT et s - ” ;..J..?D " e . I -, ot k 3 o -... I -

.nm S i ’ m )W,w.l B - _ ))\p.v. "y . w ﬁs\.-.....v .”tu{% -d LRSI L A

Y A -
Xe¥ mw; % 3 S

. -
l'-O‘l.

-
~

’'N
f‘ W f
RV 2

£,
£
J‘
E}
T
. Y “r}_
?l
[
B
s fi-z;«'
A"#
o
y
,
e
'a‘
[
DR
y?
&

W
"
5,_

BNV 3

A e g
WAy,

%
S,
g nd S s
oy
Ay
%
%Q
g,
q
3
’!
L
&
t A
g
. .:..‘.' ‘(;, .
:\
fzf”
/

&
N
%
§
4
o
e
F
o

"y 19 i
f._.v L
. '\
unan.. .. /Muw . PN W
Vi £.8 2
4y, - -
* o R e iy
va...;-r.\’l-. ‘W MW }‘%\
N . > 0
:..rN«wWL.. *) - w
L wal!
ﬁwnnw..f.... a W
ﬁ;...\.k. PEL 1
w&.&. IS , F
ﬁ.‘.ﬁw 5 o - ¥
. w ..\% = N 9
mnf P ‘ LTS L STREN > -,
g |
ﬂ_ﬁ i w.
o ﬁ w AT
Aﬂﬁ” : | KRS
= . . 3
4
<. 3
r

*

=

wHF 3
adBe

Rt s P TR P N LAy
. Ay gL = '
A SRR S et Mt P L O e L ahd N AT
~ Wy TSI . N (TR AF SN
el L A L N P B

e Sy ‘..V.q...f..\-?cb\.\n'hah.n}-“ﬁ.v:.bﬂ r-\..-lv.nx..buhﬂu.&.n..._ﬁ“:-sv“rb WL!MMV..-%B M&z’..&.@

Ilh

(\.f.f.!.%u..-..‘huﬁqmu . «’M.xm-ﬁu '
P L 3.% WN%%,.;. M

%

PO oSy g

b W
.wu}hhlrﬁw ‘)KWP‘

Pl B
ﬂa«vﬂw. ;. ﬁu i
\»%..Sasf.&ﬁ . "y, ﬂ.w...u
! w £ )

{ohﬁtﬂ'hnﬂ.‘ {J& _ V( nn‘_ﬂﬂd..f.w




CA 02455689 2004-01-23

. ﬁA. A A SIS

7

:
5

-\{ﬂ N - .

R L PR, 3 . :
Sa X n #.ou.ﬁdld? A «gxfiﬂtt,..sznz.&.k%ﬁkzég &Kﬂf

2

VPR
M e W — ﬂ% B R
)

AR
R T A AT D T T AR T S KA DT %&ﬁﬁkﬁ%&oﬁﬁ

gwﬁ MNMMM Vﬁw

NPT ANT R L i L gw : a 2
) ‘?R__..?Eaam-. 3% L AT TN T Y iy %.? ~ABPR IR . ﬁ”

TR ALY WA T e e ez

w . Sy . 5 :
W ﬂ ;\v) . . 2 ot -
L.‘ .M
. L . * :
3 e %-

L/

o X 2

.M,wjﬁwwﬂqwf a«m

PN B 2 o abnal o Y A shmde e b

;W ,.NWH&%MWW aw g W%M@&; g
L w% Iy

L .
A T o B N T I TR O B A —a s e

7

F
&

-,

% %ﬁ%ﬁyef»@@v A&kw,}mw{%«wﬁ R, R At R

AT RAN TR
AR ASL 14 ma WS g
M ...-:, e

v

Ky RS R Ea -4y

;.,N"-KWNM&“ :

. - g oy L N
a e e N T : - . oo -y s o I g
R R A SR AN eaBirrh B A R e i TN

s ALy T A

I JAEN TR LA, % RN AT e

m (l.o.in

A X le
R T o —_— ¢ )
s TN e S { ! ’ S . % .
STV wﬁr B e A b S TSI TS .Vwmw.» s AN T VPR AR K e S A. e

VAN MY il S

~ -
A
B it =i as fae g et R
LR M A A e o %
W laras HE A=At L, AEERCE RS 1T TERCTENY RO o T

¥ 2y WY . 2 R Saa,
.ar..:/ P ALY AN P N O AT L N N A S 2 k\ W uh\.ﬁwww MN;WHM»W.“NWMQM % V.Wa
o LA . u...w..

Wv

O 43 4IRS RN

",
»

% ey T AR TR \vx i
. .vf..no TR R F NSRRI T R
ot .

B F R PR | ARy N L e Sk
ﬁ.fgéquﬁé

.A%

> “
N I

i/l i

...-..
£¥ WA e S/ N T PO Ul.ﬂ.ﬁx AT e T
SRR YA R 48 Y e

e

&

.
] A e PR T Tt i.w?;ﬁ#i.&.d\\.wgd = W
g %\ﬁ Mﬁv% .
B s LRIV N ST U v 55 HE
w . . . ST awizane uwv 2 P..#V. %ﬁﬁ%\ ..N‘.‘#
2NN

g w wﬁw@ﬂ%@ﬁ ux M,M @,,

m e SO R BN S0 - i 2t T
WA e -sa
TR DT s R T I g L DTy }u(v?hvv-.ﬁ.?\n\}.a(..oo.{{:

AT N IRl Nl A e L LA o e g -

R AT D T e VA Sy ST AR

- -~ .
K A et
uw Lgpow

!\(ia.....?w«vvlfgvgg rTRra TANES SN
4 = o N AT Y Y Snawafoty « .

?P 0 ‘\w‘giw ‘
* 44444 U i va\vJ.&,wa )(..Xd?.\...v..).? B aves :uwﬁfﬁné A .J?

eiSnen) Prows

fw* T w ‘ S
B ] i »
7, ‘ &
J#Jﬁv :

e

R ~A0 X7 cen . .t
e it v RN AW AT AT TN, e A

oA A
Z
e
A
>
5
g
e

T SO BB L

: L .. v ™ a1 " = 14 M tr
SN e A x> g Y .-lf%Jﬂ) . \Iur T AV S €>Lo~.n R 3oy ¥

Ch S L A N ¥ o Gs 'Y oy

. AR T 11 R Tl AN %

Pl RteR ﬁ»«?.r s o,

e Rt y ' ......s... R AN z IR X

BR T wm N Lk

T A% i ¥ A .

w 5%y M B ,.M W .h..i.iw .
1Al - 3 < B ~
- . : N

LR Ty

azh?vﬂa«&?% R, Jxﬁwﬁ.ﬂ#
ax...? .

PO "L iRy, s B
Y
o

| n
F, .,__ W
§

&

p > R ..

L 28 ; ; . \,...um..m A m... &
. $:F R ﬂ uy ...m.&...?.,..v,.v.&.»«,,.&.i..sﬁ.&..ﬁ\.w. i I ‘e
W 7 T *,.ma. T e A 0 iy O AR DI VA1 300 T T TP
DGR . 2egm t

¢
C}a M w AN l.{uvv w : ..f
3
m_ 5% = W- xww 3 . CeR L. A
m Mntrv ARG ORI RN A i i A BRI S mrum.r.o.t..mi.vwww : g 3y ma..
wa LEESEESS “ I’ y“ .. : # :
%%«,ﬁﬁxg& B v%oﬁﬁﬁi " TR L i
.rﬂ...,wipw -w ».W &7_», L2 ’
AL f 34

¥

LN
I
g
-7 ~,
nﬁ;{\’

%
SR X
T A A

A
Yay u/-s% 3

: an.r | - ! e
o Qﬁf@.@)ﬁﬂbc«b&w&?gﬂf\wﬁ% ghﬁ?ﬁ?}rﬁ:&!ﬁh?? G M L s 5 ARl : &%ﬁ«vw sl ;
., . @ .}a | d i
%. m <N .,aw w%yw“ i M%ﬁ w f».....ﬁ.mm .

Y Y ! . ; g ¥ i .
Wr Ww Mwmﬂmwc %vmz W&M W fv ﬂ%aﬂw»hw%wa R R \W &
mgﬂ . ~ g RS i AR gﬁ%g.xgﬁgﬁﬂxﬁfsrﬂs«ﬁﬁsggag E

M . (s &,@ ; | | .

3.

(q - . . - 0] r . ® s % &u
ﬁ.,«.ww&u mR AR P, Qi Y P s SN B AR N TGN e ,.31.2,\.3...,.,#? mxf.ﬁ?\.w

o i ¥

WAL RE




.‘1» A.A..«u..w.«

’ ) B IT‘ ‘-r-
PR e ) e ragia 'l oy o

2 -

‘N

50
o

N
ALy TN M IR ek o

-

. Aot aa CIvES
b e L ',WWW’ aladl
’ W A
VETRN DAS OO o "o L7V 0 -y -

V' .
A et vl m e g

2’

CA 02455689 2004-01-23

J‘I' lc L. ! .Il L4
s " -
8 TN vew LB e 4ty 3

LT ?5.}&«.}3&?% £ S AR BRI R AN SR PR SR A

.J»ﬂw ......

ol wm.r S

J..»«.A

Nabid
Y

4 .
~..,.a PP VY

-

»M%s T NSNS

%,
%

m

R e SR VY S5

AT A AW AR B TSR P e I

Wﬁjﬂ
&/4. ey 1,.»

uvrsa..»#.,. e

B
%,
- H*J.‘

[ S g

-

;
;
w
M
I

o

VARG 2t wbb?.%&.ﬁrkko%m«

s.__:ma.q.f? A ER DS AR AR RN LS RPOT RV S ]

AR AR R 215G S s IR

gy,

g ,. .
Ry %&vv b.«...w;.xwwkw&nﬁmfurﬂﬁ

WW&WWMMWMWm«w&mmﬂﬂmmwmwm-mwm«mw

.Jw.?? 1 i O

AAVE SN
aw.moo..«s b

)
¥
S

% _
Ay D, ,

wir <

. .W.”wv/w

WNEE PR

s b ot § oo b Y



CA 02455689 2004-01-23

Ehd - = - - - - LR . e ® a8es 88 ° "@_o L N L LTI ...o“..“.“s”. .v..\.”.. -
A% . . s . e o . . ettt Jaetd el . LR R I T P - T . e . . Sl .
...u........ .“..."......s.....a.......o... T S el e e e - * - 0’ * e N t e

e SR WA Ay AT

A6 0 TP G B T VRS L AR A | i ¥ G T AT e i (S A PR TN S e

d.d f..- . s‘% F3 ;.lwr./..?a.. ﬂ.n.#.ﬂ 4. X~
3, p
v p ..h...‘ uﬂw

sius

e o

L :.m?su

Bxu_ mﬂr«*&.n&.

g

W. . & WOV ) .&M.M.

: R P B O ke e

- . e o2 ’-"\;I.r‘
o F R DR PP MR
“'.a
o

TR {“WMWM“WMW*K|WW?M°WWN;Wﬁ#.W,Wm ot

PO et ol
%
A

-
"
I

h
o7

RETITTIRE RO - o SR RN T B

V., ta
[Tt PR ».
wmt ST A c(.
v

KAM,M« A\\ Mawa.mx §

wf Am & m e
m&w\-«ﬁz RETECE fﬁuﬁ@%

NSNS AL =S 84 3 ] S e R R U

Erond

ﬂﬁ% FATRNEE
A

e e mw | )
: . v/d \ .......4,. l.s \s\ ns/-. HWH\\( /“\vu. Av
ooy A
DR

el iiag

i ng
SRR,

.\0-.. “e
L4 2.
- . f..w Y-, i
A N e
. T g L #
N

' R A RO ST A <SRN AT S WK AT LR o DU AT oS5 Sy R w9 VPP
A AN PSP AR RSy .
*.-f
%
%
<
G-

P
%, &
o

e b « o
SRR RS SRR SN
%Kﬂr%%ﬁmw ~ ..w,..\wﬂ._.buulﬂrq)tﬂ ,...AM»».: DAt )

m\,ﬁ e W
3
|
W
w
W

% 3
st




CA 02455689 2004-01-23

Smersa. i =y

c 4N, R ) v, . b LY TRy P
pIE SO T SRR RILIR AN, aﬂ%&:ﬁ&rﬁ

ﬁuuQv\. s g& ,hﬂ.m,.rp#.&n
5 o &

CX N N ,../ﬂ......
3 sy ELEN .

ARy . :
Mn..ﬁ TR SRR A

r.ua : ..u/- . 'y .

e, G " %N» W
L A Lty teadre S N

R AN AT A A DRI S A A 3 &
v AR O e S

~ le

I '- ~ '
r! 43
&fﬁvﬁ h.,...,..,.v““r..,.....r...... i G
TR S e 0 .

o o SN A s T A G e p e AT M H U e 3 v SR A LSS Mo megal 3 Yy
§5° RERIRRG R et PPN A GRS SRR I e S S et } ..ui».»i\”x\..,..%c,,....? o B e
R A id 2 e

AtV AN TS M
4 M |
%,

s’ ..m%»\,.ﬁqtv

m@»&ﬁ.

I

ST . at Wo.h. Qv
\«.wav.ﬁr.xv...r.&a.?.n & ., .N..\..Z.#w
; ¥ : o 0T
O NI 2§

{ v . '-. "
. o N

Y. -



CA 02455689 2004-01-23

N
°@

.‘.J.J;.o..n

*

LOSN
¥R

¢ A,

2 Ir AT TR

C
v
R

L A AL R B

B R T AT I L M S AN YA e, S

e PR DY . . . .
3 »%ﬁ%w% R, ...w,...\...,.f.,...,.\..v.«..‘..‘.“.....?..n..
n?. l&w.n.z ”..mv..v&uv. 5

VPN INAAL DT i Ay b AL A2 T PR,
Vs v T

M AANT I

7~

g}}‘lr
J‘VV
S ———
AR
\ﬁ
3

CURE

)
o
:
]
;
r
7
¥
i

e A

¢
IERIE TR PPN 5 NG

L
v caane T3 epagn it
: " r l-
WS A v ¥ ety .sﬁ Qﬁ et et = gt ) .
e e Py TR BT AP S A 4 F S AN M7 IR T s - wie \ w

Al TR - v . T A T T TR TS

vl '
Txﬁw&&&” .
n.«%..%% e

%

i £,

:
;

s, SUT BRI AL BTV AR AT ey e

-

AR e 2 e
RS

Rrd
N

<G

.!.
\
N
e
s
M
.- y\.A Ly
iy
R .u..v.,,w..
1) ..\\..a .Im...o.?.
N Yy
S .
v, L v,

AT O W VA GRS GO A 120 DAL P SR P STV

.
L4 .
-
e
S,
Y,
~Stes. .
T oae, .
oAy W
.
f.(...—-
.a......n
PR
..a\.f. .
BAEY
i 1ty
R
w
- .
The.,
i

TV Jw. . ) o.o.. ol .. .. - .. -s\..
P o L o RN R R A

\.
:):
o
w
]
<

W AT R e A L g

J
e A e Tan r';".
ée‘f TR MG T K L O I O TR TN T T AT A

,M
e

PN Wit ... ’
o I
” PUOaS P W
. Seg% s
"ar . v
ot T ok
...\. \.f.-. d v\\l..-u - .. ..l..
.-u.. - -9 \r \?v.u.aa

O AR e £ TR ot B Y ma ot
VAR RN L L S

iy
o - .
. \&u’, v
e L ¥
PV .d!
[ "\«wm.ﬁ/ h....u.
Y. I Cae %f..
.7 \.Jn. T
: ey E.WW&W o
- . : {-* P
8 *
% Pt
.- 4.
,...m.x ' vy
R e
& R,
...\.
[ WL ®a .,
57y ey Wl ’
S SPEIRRINT haT  Sen S T YRR
. e,
AL
S
; T
Srm. e,

.
-
N
.
>
v
1 ‘0 »
it
,'.
)
a-b <
"
v
<
o
L
by v
-
- ‘
N
-
N 4
.
5y

25
ANTZZN iriaﬂm”

.l- ,(.-"‘ .
s e "
) b
< b

- b ..
-
,. \J'-,': ) -.
BE -
L =
o u d
-f' s ' '
(2 o > .
S{ 4
v- N '
Y .
- h s
< e :
x L i
P P
e
7
i Pt
? r
3
4
“, ’
r -
«,
't.

2
s
4

o]
)c‘
-
.
o

m
4 ..%
!

4
3

|




CA 02455689 2004-01-23

T I s IR R

Q‘ e

W
Wt
N
Z
"
L
RN Ok
o l.. " . L * . .
: . ] 2 3 i 3.
» B N - bt e .
¥ - at E o8 J B —e = .
. - - ea, )
g . : i
~ g Wi ot ) .
. ¥ 3 Y x/ DA
o ’ . . ol - f B
b <
.
4 - I R
b _— STt .e.w »Ww«.ﬁ&.ﬁ&v?%f
. . o : 3 r e s i %"
. o : 2T .H”../u....dfr..v
", "L ? 3 3.
v, . . > - .-...,?\(.v .
e, z wutwﬁu..s [
“h, .
Yy /W
Bies. : L
e . b
S ey X 7. -
1;\...;.. - 3 ..
T S
* H . w....,...
CRR "
I-l . 5 . -\.l .
[ ) “s
LI s (22
EO P
--.

. e - . -t -yt B > - A ~ “ b ”.\ -\l
e R TR ANE VT IR AR AN SR I S e e \w%h.wt Acie s
IGHEFT T NS 3

o .-.. ake O] ..l LS Sy fb-vh

e AN ..;wa., P £
&.w«.wﬁ * mw.. o
3 e

PRt e

R
PPN XY 37 . . “ Ao
1= < ; Q ¥, .b\m\...v-...
L %\ % 'S L.,»%s R LY
‘4 N N e 4

-”




= & SRRy TR BRI JT O TR AT S RS ikl S AL AT S N 2Ly ’

|
4
:
)
€
<
¢
i
;
]
!
%
5
E
j
¢
&
¢
&

s

£

W
PR,

CA 02455689 2004-01-23

wm’mkwm ! S
- 7 Ol WMI'WM;’A'.-.;'W‘W LT

et
'’

G HT

o
ol

o

p &gty 1
%&mﬁg %»&‘5%? Wik ppsare”

Suaterteto s




CA 02455689 2004-01-23

B Y

2l s r
. -

%0
;TR

. &.\ . . " B
AR IR IR R AR ORI RS

= Y
il i
P s
e . 4
S ¥ )g.'n‘.";" .n% %
¥ . W‘ g = - “:533-’,%&?’
1N w?: o " LAYy ";tl’ ;-
DTN Kty o :
":7‘. ‘ﬁ:r’ ﬁu ORI w{?ﬁM o'? ﬁ .
¢ _;é\ 1:'.; - ~ — f_&;ﬁﬁ\g‘ 3,; 2!
X A . ! . ~ Fa D ek,
ac ﬁ_: ] o ‘.IQ' o > AT s:.- : . .':,.' £ W P .
. ‘ 2o . ¥ K
“ : S 67 W :
Y e,
Yo >?‘- L % 3 .3'{ m» - .,%g; j:, 2.
\“-‘cﬁ}. '219 I e . . S ore o ‘:'
s & R AR ek P 5 Y 3:
L o, A ¥ -
PR & IR e 3 i
mé' > 5: i (5 Q} f" &
W. \a-,,y' ~ &““ >
.- #:_)W l.‘\_.\,Jb 8¢ '} ?- }
o ¢ ‘ - : i
] N . . ~ e o N .
. "‘)" .. e N id r s : !: y
; 5‘1:' -é-‘ e :c }-: : '- '
¥ g - R i 5
-C*" - e A X As -
."P. ~ \\.4,; ; g ; Ve
o N VIR ”y 4 X,
O aiel S Voiged® 3 %
. ; 5
D . »
* -
5 &
. - . .-J,- . ..
5::!_-‘.: . . ; &“O&w 9
g . 3 -
P

v ST AR, - A R LA AS

BB HBRBRD -

RN TN M AL NGy w gty gra.ni

PEEPIE T

ERARE AR

- eirg =y

.-
LT
.
. ‘.-
ey
By

Al ant
:

Ty
-

. s

RPPEN

o, *'_’33‘.“'-."-597%5‘“-71}.\‘-a‘k‘%f%}f{dﬁ’f‘“fw,w‘
Yy

et ?.:_x':’u _-’.'.',;.-
o . r

WAL

%
MMQWNW&WMWMW&MMW&WWE:;wrmp:;#&mz:#WJ.mjxwmwwzfmﬁwm}%mm,,.,:g i

AW

N AT

]
T RN

Al
]
’
s
<
.
~. &
]
ans
.~
-

vhr‘\ [y
ot AV AR G

B

TN e g, ot u e
A R AN f.i(/.., :\sﬁ’ Q.:v; & T nti
NTBC e

=
LT I PR A S M

QTR RA 2o L Bl SR T w Wi, _ S

AR

N o= s tle
e iy

7
LA

' gg
xR
R

\Q "va\;‘f& \ﬁ'.klﬂl‘ -\‘..r

%
5
%

Iy W s Y o a PPRRTI . e. o . - S e e - e, i Y AN )
el St U PRSI e B DAL 2 SRS EE ot 407 s R N

-5
92
‘c‘:
AR 5
=a AT

g

Ponddid

<
SN
-
4

¥ |
PR T A T
ey t‘;w"‘) P 2 Ay = 1.

N, i
S ¥
Ny e

AL

g
r

-

-__‘ 3‘_’; ';é'\'-k; 2

¥

D PGV WO LI PTG T DA LA D1
2
4
g
%
o=t

WTE AN A At g

>
.
.

H

- v

-
v

.- . v e b“'
e :-.',“g‘ e

L

L nlel ey

R LTy
*%

?.
:.?_

: .&qm. L B 2L B AP AT MO ARG AR S R
&
<
g{ﬁ;
>
AN LTI PN NI o G L ki o

?“
oy
(A
(' W
.QQ

v =y IR T

J
%
BALESS H Y

4
Lol
e

Fe

‘=

vre R A

A

*

‘l
R S B it G N !

G N M I T

¢
;
3
3

RS
§ .;;:T=‘:" A
2
¥
5

.
-

.

'\". e c

e ¥ d oy
. M e o X
<SE 4
= S

v, ‘?g.i'- ..

» A i

;
i
|

o

st taprny e

b

-

Ty A R S
b
.

.\
.
R

P cg’
£
"4
»
L)
rye V—_i,'.
il
0y
|
Dol

T

SEPA

¥
LA NI T o

AT K e

_‘P‘;ﬂ\d -Ns-\a ~ -m‘ .ymlmo&aw' Y I —— N
iV
£

L ,:«
[3 L en _,’ ”"" I‘-T'.E- W ._’ .'.t

R PVTERE - o A

&
i

-

- .\ " u%%‘
A
£,

P,
o-.v,\-'

L e ]

.
%

£y
-
=

s

iy

o

.
»

S8

NG

Fi &

WY

¢
&

2D
%z;'.'.'
.
gt

- e 5
LA

P 04 N N D L DRI AROERT § D

E
i

-
e,

A R ARG L R R

e
Nl Al
- . ‘:\
- '
2. .
oA '
s
é i‘ 7.5
.. B
-

Wy

g
AT it

~Fe 3 M-pr MR Db falr ) o VA WL
L J -
t
£ , o
- ¢
”~
' ;,;n\\ a

<,
)
N
€
‘g
?
%5»\';}’&1}{#‘r;’gfwb-a‘:-'\‘-r.r'!_“-,%%* I DAY AR (SR e AR e £ e ey AT G NS

DN,

-
-
-

e S ashiaallads

o
...

-
.

|

PTCO ¥ oot YU S JUNR o R S R L TV b e R e BTV ¥ o g e Ohe S J P AL IRTH L o) St p iy gl‘-ﬁ'

RS
4
o
o g
a8 &
T
g A
4

PR VTR IR R e A IR el A B o
4

-
.

T I T LR S i iy A DL
cv':‘h\f\lq; N L

é‘
Id
%
R e L oy N RNl N R Z e D SN PSR WA NN S it 54 ]

o

207%%

..
v

-

+

-~

m,xmWmmmmmh'wm$a%Wﬁﬁ'é'&éﬁﬁ?=f='mﬁ

z

>
bod
K
|
L

RO Y S bW S ST S AR S W OB ARl W i AR b

.x-,.:‘- . e 4:-,6;-'-.‘Jr'.vv,i 2 ,\':._‘s'..;”.,;wxé\:.i' ;-‘y‘}-:-(',' “ .
Mmmw . L c:"."',l'-r--‘l.',l":".'".

e e A e A vy 2t VA

Yo,
. ‘&
=S

A
Aomge

ié

T R R A TS LT M RIS TSNS

T e Y S 0 S B O TR R M DO R T

(G vt
DU

20 D DR

.'5'-:-_
AN
Gk
DR

. 'l"‘\

PUR. A M.’!#, S
%y o iy
\I - “‘- . - -,\u
AL '?; --'.';-
’3‘ /.

S e e Ty 0 e e S

NI G YA AR A e
Ly
e

FRERNFEAT RSN

- INET
e p i e
? N
. :‘hi.:,f 7. ‘_\_' s
g 2%
4.8 N3

r 3
-
&

oy




CA 02455689 2004-01-23

. il
N o'
WA W 3 N R N A TR Y - - : v ~ A A e O b =
wﬁ O e O e X e - N SRR *
o i
>
"
r
NICTLS AN A Y 1 LI TRATE 2, o St R el y S S AT vy A Dl ey y»zi.l»(il%.z.;r’l {
. 0 Rl e B 2 P2
- VT E O TS T b ety R AR PSS e ) WA, J v e SARDARSA AT RN .
e 2 ML Y b Y s A AT YT AL AR I P Lo SRR R S I R o L R R, @ S - - -

M RTINS A S R N St 2k ok S M 7 e Mot RN D

i
.. - M

s 2T g £ KT e
‘ﬁ'{f“ WMTM»;‘&&:»—QTTW:;%‘S}‘

4 ¢

. ¥
. "!’o?g;uqi'
o

3

i

3

¢

2

{

¢

f

]

\

4

y

2

?

}

}

K]

*

2

3‘

:‘

i

' :
.
. X (H
3 e
>
g o iR
...t”m A u.l. lumvfc.l.....':tublbx“.q.f DL REA IR NP AP PR LR B I e I G S ST
. > ¥ e . WLl . . ’
4,
. ' :

Vi a2 B Ll el =+ e A I M I 4 A T LAY AT % 5 e 2 &L (e R A EATAR R A K

e T

— LAy B NP AR R Py sy e Y G A e e r LT PR p— . i

LN st e i w R e A2 e P R A e A RN i S SR T A FTCRNEN R AR

-
v..u..
i " -
fw» N
3 .ﬁ Yy
,
53 va
.

. &

-~

y

AT T O et P T AR T U AR b U 1] R g A T M SN LSV oy e N R A e e A L i XN RN R0,

TN

~

7

VB BIA AN S P e A LN i Ry L i L A e S A T 20T R ke e S T A .nﬂu‘fxugrévwgwﬂﬂ%p VT |t o K3 T H € (i

;

et N o M P LN SR
x
,
g
;:és
A
:gae ¥
AL
L
€]
e
Y
o~
&
;&
%
_,»w‘
”uﬂ"

fsmmmm

<
Ly

0 AP ERT O b A e o A S R AP

. ovrtwe T

e

A AT PN AR 801 e e ARG ARV IN DAY, S0 ey /34.3??&% gﬂﬁ)ﬁx oYY

AR 08 N v e e WA L o [ T PPN

2§ o B .
ﬂ‘w ¥4 §
«.ﬁ £ 3
ix)u)....\& TN AR T B A T R E AR NI R AL e A A e R TR 00 v L T Y m BT R 0 LW B T K L e e g
s’
#Am

o T Wit Ay ws

R UL TR DT N

F...v....

NI NS G ,*s'«";,.w,l:;‘..g ,f",
N
%
+
PN A NPT ¥ N AT A e Y

AL .~\‘: N &?*Ag
lt
rw%o

e e e R T X s 2av. TLCWNVEITELA PN

f N
%

PN, TEA LT Oy KNS L R R R : Sk [ .
SR e RN I O % y Mu.q.u ﬁ«ﬂ o
e N

.......5.:-!...‘i.i’lf.tli*f['%gaix"w.. PP

__y m
SO S R TR N AT A e L v ACUTRAN A P T A VB AR Y S .

e LT »
yw& o u‘vjnuknrh(r‘r e = .? _Wu
bl EU AL ST Y %bbi# u«&.\ X . . o :
S LIRS ANV S e g A W S N M e T e e F S ey el ..n.W-
xf ALt CANCL wa..*;..\-..!-.\I../t\s.r.-lsl.-lry.sd..v‘wrﬂwOﬂhr:...u....’sc.\c...\..)-. wM..‘
.s I N . L B e B T I LT 2 L B I T SN P P R A S T TR ﬁw
.zt.. M.‘
ny F i
¥
b o) -2
-
e ) o .
o
it TN D T by ] - E
-y 2 g - el AT ST I iy p g Y'Y Wi by A I EMNAT S VR P e A 2% e L A A WAL e T o 3eedhan (.(.. . w
a §
) g
O )
ac 2
L S . &v
i, Tl
v K] 4 o
aes N Al 0020 WY 1 0 ARl On s a Ta ) a3 e e T W g R i Ly ORIV PV r) 2 ¥ r& '
e R B R T TETIYL W v < ) £
9&.634 F . ) b w
: r 3

. . ﬁ m
AR M A M A PR P VI V200 € AN A T P RAY | B P B u&hr(\rléeiﬂ'\A/ v \%‘.0 . ;&M W w.
S

Y

ﬁ.fm\po. # .l.’.v;d.-lsﬁ! ?\. . .~

Nﬁ 5# W‘WM u.r. Mw?-ww .Jzam.o .er %.p{.vakl aga«\vsﬂdhg}?‘aﬂwl n.{ uhmau. r&.a ,u?ryffu..\.w Wvﬂ..@..zﬂ#. sa-P. . W
ws.r 5‘4— f-. s,

m S AL ‘ﬂwﬁ S T S el b

ey
. .ao:.A.- E\%

o1 e Tt o e v FPRY NI O XL DR EIN, A RSN s - - PP S S R T e B, WA o
. IR RN _!J - AR T

A P ATAEN MdGh o+ AR T s WAGAI AR A AT A A S

L PO T LV
“‘"}“
U
T L
M
%, 5
F 3 v
9*«.,..,;

$ul

$
!
|

O} .
PAIT R LML DML LY, T T PV S e ey 8 ey .r.p.r aty A - .1%.?%"

g% .J_. b.ult.f. »
Nl AR o TS TSN P ATt A a . o~ - iy «g\tﬂ iasfm.vtb-«{‘e,d..’i«.z ROV D/d *
i L PR Y e S A A T L N T A g S 12 19 S
e

5

“
%
PRl cain SELN o Fat i

'
.w“\ m
A e rater e Y LI S PP [ A LS S-S W T WO ENAIIMY ER A AP\ A n bl it A g =
I TL L
. . . NIE o o 0% LT A
e v 2y \. .. k o N

. s A . g o8

wgoet

o e g -
S
hd -~ -

e
&

i"{‘ov"
3
%
At
w
.

¥

B.

MLIOW ST i & eI e -
28 o Lt . oo s
. Mbhan R rATw,W.. - - n..\.t..\ T. \.V- ..o.c.... Y s A
ﬂ. as. 3 g * um\ . ; ¢ SCELARA .uu.......v,lq;.‘ .p/.}.n..n?. ot T ,.“A“— X u.wu;uv ", N
C 3 ANCH D SN0y R VE R AR S > S Y et ey e At - - . . .-..u..... ’
m \NW %ﬁ ? 9*0 .uvv \»‘M et e e N e S = T (LK SIS F SR SOS PRE WWppm vp K §
-t
L Y 3 : M P -
B & \
. %A" . M % ﬂ .)slawi Wbt i Yy Attt 00 P ALY SN Ve e AR A0 oS N LA T DA AN WA TR LA PR I ANy U, SR Pk 0 3 417 VT A S AT v
= m . g

%
o
et s T P I R AR SR AT NN ;Mwww
%:
¢
}
:
i
{
i
]
3
f

%
%
s
smobiiy;
-
A
RTTTREO T R

et ion B bﬂﬁfﬁi,ﬁa 40w TRV WIS ot g Wy 1 (8 O e . FAEE g N

ﬁuﬁf LR S e Do P RLE A L - ot X T g?ikﬁ#i;a%;’gﬁg{/‘

“'.ﬁ

S e

7 .
- .’ . . ’A 4.%%.*.%» ..9 .h-AM .v.s.\\...J.hn. , . .An/ . e A B ...l.lw.r'.f f r“dﬁ ) - . N- R..J.-‘ o Y
«_ e i §wa i3 W X R T . R HNS B J; w,n e

= I e SN, AT N DA VI A 4 ¢ T weard e AN R Vg o A B ke S 0 e




'lvw( ‘
ok
s:‘:,..
u > oA ~
..Wﬁ
st &
P - “‘n\\ l
N
(fu\‘* LA

""""""""
Y gy AT

4
13 "
'
e '
AR N N s R W SR o e .J‘ 1 -a:
. K

Hja ,‘%{m

5;{“% ! fﬁ;}%\@{‘ |

LA O ST DA LD AT G 1A S GRS M A TRY 76 S VRTINS [T )

------ Qﬁ k& itt\(

— i k@(,}m{éw {%? %L},‘,

k‘l?;j, ek Limv

SR 5 SN 2



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - abstract drawing

