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ABSTRACT

The main goal of this project was to optimize pump scheduling and reservoir
releases for the Regional Municipality of Ottawa-Carleton's (RMOC) waier supply system,
The first objective was to identify, through application of an opfimization model (OM),
the potential savings from improved pump scheduling for RMOC's water supply system. A
computer model was designed to optimize electricity costs at RMOC's water purification
plants (WPPs) using linear programming (LP) with a Borfand's Quattro Pro spreadshect
and its built-in LP solver called Optimizer. The model has two levels of optimization:
Level I, solving for pumping times and Level II, creating pump schedules. Model results
were compiled for typical summer and winter days and monthly estimates were compared

to the WPPs electricity bills. Although the model was not calibrated, energy costs were

within 5% of the electricity bills.

The second objective was to study the impact of different water management
alternatives on energy costs. The altematives considered were: (i) increasing operating
volumes in the Billings Bridge and the Glen Caim/Stittsville branches; (ii) increasing the
treatment capacity at the Lemieux Island WPP; and (iii) considering a larger pipe size and
additional smaller pumps in the Hurdman Bridge branch. Except for slight increases in
operating volume that can be achieved by reevajuating safety coefficients on the minimum
allowable reservoir storage volume, all these alternatives involve new construction.
Significant energy savings can be achieved by implementing these alternatives but
construction costs are very large. Factors other than economical are needed to justify
implementing these water management alternatives but the energy savings are certainly an
ncentive in terms of dampening high construction costs. The major benefits reside in the

simpler and more economical day-to-day operations.
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Although it is based on historical data instead of demand forecasting modules and
hydraulic simulators. and although it is not designed for real-time. our model is designed

as a first attempt to quantify potential energy savings and as a decision making tool for

RMOC's water supply efficiency concerns.
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CHAPTER 1

INTRODUCTION

With advances in computer technology, it is now possible to optimize the
operations of water supply distribution systems ie. reservoir releases and pumping
schedules. These operations are increasingly complex due to rising water demand, aging
systems, the addition of new sources of varying water quality or the lack of new reservoir
sites available. It is important that water demand is met without the treatment plants
and/or power plants being stressed to capacity limits. System reliability is also important

for adequate fire protection and system pressures.

In addition to these concemns, energy conservation has become a top priority since
nearly 7% of the electricity produced in the United States is consumed by municipal water
utilities (Jamieson et al., 1993), mainly for pumping water. Increasing the efficiency of
individual pumps has only little impact, therefore system or operating efficiency has to be
increased through the use of optimization models with the ultimate goal of reducing
operating costs. Low-cost, more reliable computer technology is now available to solve

the problem of water supply operations optimization.

1.1 CHARACTERISTICS OF OPERATIONS OPTIMIZATION MODELS

Optimization models (OMs) for water supply system operations are designed
primarily to reduce operating costs. The literature review (Chapter 2) will summarize

some important recent contributions concerning the development of these models.
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In general, OMs are part of a much wider plan towards more increased automation
of water supply systems. The building blocks towards full automation include: improved
demand forecasting by real-time telemetry and use of time series analysis: better hydraulic
simulation with the development of network models that use data from telemetry:
treatment process optimization within the water purification plants (WPPs); operations
optimization, which we will discuss in detail: cost optimization of all components: and
finally, telecontrol. Therefore. with increased precision in determining important
parameters (especially flows and pressures) anywhere in the system and the means 1o
communicate these data to a control centre, better decisions can be made in the operations

model (which controls pumps and reservoir releases), to achieve the minimum cost.

To justify implementing such sophisticated automated systems, a significant
reduction in operating costs must be achieved from the 'operations' OM. The hiterature
indicates possible savings of 5 to 10% from improved pump scheduling and up to 20%
with improved demand forecasting (Crawley and Dandy. 1993; Jamieson et al.. 1993:
Ormsbee et al., 1989; Tarquin and Dowdy, 1989; and Anonymous, 1988b). The principal
goal of our study is to identify, through application of an 'optimization' model, the
potential savings from improved pump scheduling for the Regional Municipality of
Ottawa-Carleton’s (RMOC) water supply system. The second goal is to study the impact
of different water management alternatives on energy costs, altematives such zs: (i)
increasing storage capacity; (ii) reevaluating the safety coefficients on the minimum
storage capacity needed; (iii) increasing pipe sizes; (iv) increasing treatment capacity; and
(v} increasing water demand; for the Region's water distribution system. Although it is
based on historical data instead of a demand forecasting module and a hydraulic simulator,
and although it is not designed for real-time, our model is designed to provide answers to

some of RMOC's water supply efficiency concemns.



1.2 THE REGIONAL MUNICIPALITY OF OTTAWA-CARLETON (RMOC)

The Region includes the municipalities of Ottawa, Vanier, Rockcliffe Park,
Cumberland, Gloucester, Goulbourn, Kanata, Nepean, Osgoode, Rideau and West
Carleton (RMOC, 1993). These are shown on a map of the Region presented in Figure
I.1a. The population and area of each municipality are listed in Table 1.1. RMOC's total

population as of 1991 was 678.150 residents and the total area was 275 698 hectares.

Figure 1.1b shows the four distinct patterns of regional growth, namely: the Inner
Area, Urban areas inside the Greenbelt, Urban areas outside the Greenbelt and the Rural
areas. The Greenbelt was established in 1961 to limit urban expansion and to preserve
natural land as forests, marshes and swamps. The urban areas outside the belt have
developed their own identities due to the physical barrier, leading to three independent
urban centres: West (Kanata), East (Orléans) and South (Barrhaven) [refer to Figure
1.1b]. There are also three smaller sub-areas that have a distinct character: Stittsville, west
of Kanata urban centre; Bell's Corners, represented in the fighre as a white area within the
Greenbelt in Nepean (just east of Kanata urban centre); and Blackburn Hamlet,
represented as a white area within the Greenbelt in Gloucester (ust west of Orléans urban
centre) (RMOC, 1994; RMOC, 1993). The land uses in RMOC are approximately as
follows: 8% wetland; 35% wooded; 15% grass, meadows and old farm fields; 8%
urbanized; 4% villages and other rural development; and the last 30% is actively farmed.

The urban land uses are shown in Figure 1.2 (RMOC, 1994).

Politically, RMOC was created in 1969 as the upper level of a two-level municipal
government structure led by the Regional Council which is formed by 18 directly elected
councilors and the elected Chair (new structure as of November 1994), RMOC's
responsibilities include: regional planning; water purification and distribution; wastewater
treatment and major sanitary sewers; stormwater management; disposal of solid waste;
regional roads; transit (OC Transpo); social services (welfare, daycare); community health

programs; and homes for the aged. Under Bill 77, its responsibilities will be extended to
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include: policing in Ottawa, Vanier, Nepean and Gloucester; waste collection; and other

economic development powers (RMOC, 1994).

1.2.1 RMOC'S Water Supply System

The first piped water distribution system in Ottawa was installed in 1874 mainly
for fire protection following the Great Fire of 1870, Before that, the 26 000 citizens of
Ottawa had their water delivered by horse-drawn wagons. The water was taken raw from
the Ottawa River at the foot of St. Patrick Street. An 1888 water quality analysis noted
the ‘brownish' color but the water was declared 'fit to drink'. Outside the downtown core,

water was drawn from wells (RMOC, 1992),

Potable water is now supplied to the RMOC's central supply system through the
Lemieux Island and Britannia Water Purification Plants {WPPs), both situated along the
Ottawa River. These two plants, which are designed to provide a total of 640 megalitres
per day (ML/d) in the summer and 560 ML/d in the winter to the distribution system, are

run on electrical and/or diesel power. RMOC's water supply system is represented

schematically in Figure 1.3.

The Region's water supply is divided into East, Central and West (E, C, W) and is
further subdivided into six major water pressure zones as follows: 1W, 1E, 2W, 2C, 2E
and 3W. These correspond to water demand from consumers illustrated by triangles in
Figure 1.3 (at this point 1E and 2E are grouped together under C1E). There are also four
minor pressure zones, namely: Barrhaven (CBAR), South Gloucester (8G), Meadowlands
(MDL) and Montréal Road (Mtl Rd). "EMR" stands for Energy, Mines and Resources
Canada situated in the west end. The first letter "C" in "C1W, CIE, C2C, C2w, CBAR"

indicates that these are important water Consumption zones used later in the model.

Primary storage capacity is provided by four main service reservoirs illustrated by



5

cylinders in Figure 1.3: Orléans (81.8 ML) in pressure zone 1E; Carlington Heights (109.1
ML) in zone 1W; Glen Caim (34.1 ML) in zone 2W; and Barrhaven (19.5 ML) in zone
2W . Three elevated tanks (‘elevated tank' icon in Figure 1.3) make up secondary storage
as follows: "Innes Road" (4.6 ML) on Innes Road, at the city limits of Gloucester and
Cumberland (zone 2E); "Ottawa South" (3.4 ML) on Alta Vista Drive near Randall
Avenue, in the City of Ottawa (zone 2C); and "Stittsville" (4.6 ML) at Old Highway 7 and
Carp Road, in Stittsville (zone 3W). Other storage comes from one storage tank illustrated
by a square in Figure 1.3: "Montréal Road" (3.3 ML) at Montréal Road near Burma Road
in the City of Ottawa (zone 1E).

Pumping from the water purification plants (WPPs) to the distribution system is
accomplished through four stations, two in each WPP: Britannia WPP has BR2W and
BRIW pumping stations (i.e. pumping water to pressure zone 2W or 1W); and Lemieux
Island WPP has LI1W and FS1W (FS meaning Fleet Street, both pumping to pressure
zone 1W). Pumping stations are illustrated as circles in Figure 1.3. The WPPs pumping
stations appear as BR2W, BR1W, LI1W and FS1W in the figure. Fleet Street ruas turbine
pumps with power provided from the Ottawa River hydraulic head differential, since the

pumping station is situated on ground level lower than the water surface elevation.

Other smaller stations (also illustrated as circles in Figure 1.3) pump water to
different zomes in the distribution system, namely: HBPS (Hurdman Bridge pumping
station) pumps to zone 1E; BBPS (Billing Bridge pumping station) pumps to zone 2C;
CHPS (Carlington Heights pumping station) pumps from zone 1W to 2W; BHPS
(Barrhaven pumping station) pumps to Barrhaven water demand zone; GCPS (Glen Caim
pumping station) pumps to zone 3W; EMR-PS (Energy, Mines and Resources Canada)
pumps to EMR water demand zone; MDL-PS (Meadowlands pumping station) pumps to
MDL water demand zone; SG-PS (South Gloucester pumping station) pumps to SG water
demand zone; MTL-PS (Montréal Road pumping station) pumps to Mti Rd water demand
zoue; and finally, three smaller pumping stations (i.e. Orléans, Queenswood South) pump
to zones 1E and 2E.
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The RMOC system supplies approximately 400 ML/d on a typical summer day and
325 ML/d on a typical winter day. For a given household, this represents about 1 0600
litres daily or 270 litres per person per day. On average, 45% of water used in the house is
for flushing toilets; 30% for showering; 20% for laundry and dishes; and only 5% for
cooking meals (RMOC, 1994; RMOC, 1992). Water demand in the Region follows the
pattern in Figure 1.4. There are two peaks. As people start to wake up at 06:00 hours,
water demand rises steadily until 08:00 hours (when the majority of people leave for
work). Between 08:00 hours and 11:00 hours, demand continues to rise (but at a slower
rate), to reach the day peak around 11:00 hours. After 11:00 hours, demand decreases
slowly only to rise again as people return home around 16:00 hours, to reach the evening
peak at 20:00 hours. Demand then decreases through the night until the next moming, The
same pattern applies to winter water demand but the afore mentioned ‘peaks are not as

sharp.

1.2.2 Ottawa Hydro's Rate Structure

Canada is the country with the highest per capita energy use in the world mainly
due to the cold climate and the long distances we have to travel, but also because of the
North American lifestyle (consumption = waste). The first hydroelectric power plant in
Ottawa was at Chaudiére Falls. It is still in operation but currently it produces less than
1% of the peak load. As of January 1992, peak electricity demand in the Region was |
800 megawatts (MW). Electricity produced locally amounts to only 6% of total demand
while another 20% comes from hydroelectric plants in eastem Ontario (Amprior,
Calabogie, Burnstown). The remainder is supplied by oil-fired facilities at Cornwall and by
the Lennox plant near Kingston. Occasionally, power may also be supplied from the

nuclear energy plants at Pickering and Darlington, depending on province-wide loads
(RMOC, 1992).

Ottawa Hydro purchases electricity from Ontario Hydro and supplies it to users



7

that are billed according to demand in kilowatts (kW) and consumption in kilowatt-hours
(kW.h). Both Lemieux Island and Britannia water purification plants are in the 2000-5000
kW demand bracket. Because of this, the WPPs are considered 'large' users (>2000 kW)
and therefore they are subject to Ottawa Hydro's "General Service Time-OfUse"

electricity tariff (specific to the 2000-5000 kW demand bracket).

The electricity tariff structure as used in the model developed (Table 1.2) has three
main advantages: (i) the rates during 'off:peak’ hours are lower than during 'peak’ hours
(07:00-23:00 weekdays, except for statutory holidays); (it) the rates during summer (April
to September) are lower than during winter (October to March), (i) there are savings of
173 off those rates under the 'resfricted hours' agreement. This is a major incentive offered
by Ottawa Hydro for 'peak shaving' (i.e. to keep electricity demand below a predetermined
peak value). From historical data, Ottawa Hydro determines hours of the week when it is
the most likely to reach peak demand during each month. This becomes the restricted
hours schedule. During those hours, whenever Ottawa Hydro management forecasts that
the predetermined peak value might be attained, they ask 'large' users to.stop using hydro
power. For Lemieux Island and Britannia WPPs, this means switching to diesel power for
pumping purposes. If a user cannot meet this schedule, it can be subject to a penalty for
contributing to the electricity demand peak for that month. Table 1.3 presents the
restricted hours schedule throughout the year. During winter (October to March), there
are two blocks of restricted hours: moming and evening; while during summer, there is a

single block: most of the work day.

The biggest challenge for RMOC's water managers is to meet consumers' water
demand during the restricted hours with a minimum need for electrical pumps and by
doing so, aveiding penalty charges built into the Hydro agreement. Therefore, utilizing the
maximum amount of water stored in the service reservoirs during the day to meet the
demand and filling the reservoirs at night (when the electricity is cheapest) can reduce

electricity costs significantly.



1.2.3 Water And Electricity Management

An important consideration in water supply system management is the respective
peak demand pattems for electricity and water. The peak demand pattern for water from
the WPPs differs from that for electricity from Ottawa Hydro. Because of lawn and garden
watering (amongst other things), peak demand for water is highest during the evening of
the warmest and driest days of suramer (Figure 1.5). Peak water demand corresponds to
peak electricity usage for the WPPs. Ottawa Hydro has two peak electricity demands. The
largest occurs during the coldest days of winter mainly because of heating requirements
and the second is during the hot summer days due to air conditioning loading. Therefore,

in regards to avoiding penalty, the summer period is more critical.

Optimizing both pump scheduling and reservoir releases is an effective way to fully
profit from this billing structure. By simplifying the water supply system schematic and
studying the parameters involved, it is clear that linear programming is an option for the
optimization of the electricity cost function. In developing a model for RMOC's water
distribution system, there was concern about using a computer environment that is familiar
to water managers instead of advanced programming code that would require extensive
training, Too many models are designed but never used. Linear programming is used for
this first attempt at quantifying the potential energy savings for RMOC but more

sophisticated modelling approaches are available to obtain more detailed results that could

lead to real-time applications.



CHAPTER 2

LITERATURE REVIEW

21 OPERATIONS OPTIMIZATION IN WATER SUPPLY DISTRIBUTION
SYSTEMS

The pump scheduling problem associated with municipal water supply has received
much attention in the last ten years due to advances in computer technology. This
literature review concentrates on what has been accomplished in recent years, both in the
operations optimization of water supply distribution systems and in similar fields of water
resources. The first three sections outline the general problem, present some specific
examples and discuss mathematical considerations. The last two sections briefly review
research done on other aspects of water supply operations optimization and other types of

optimization in water supply distribution networks.

2.1.1 General Problem

Pumping of water from the WPPs represents the most significant use of energy at
the plants. Optimization of pump scheduling is therefore one of the principal means of
reducing energy costs. The following recent studies confirm that reducing energy cost is a

top priority:

Jowitt and Germanopoulos' (1992) method applied linear programming (LP) to
determine the optimal pumping schedule over a 24-hour period. Their program was

implemented in the Northem Division of Thames Water Authority, Buckinghamshire,
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England, and resulted in significant reductions in pumping costs.

Forzni (1991) reported the work done to automate the Meéry-sur-Oise plant in
suburban Paris, France. The optimized pumping program was developed to satisfy three
main objectives: (i) optimization of energy costs; (ii) safeguard of water quality; and (iii)
safety of supply to consumers. The program consists of two main modules: the forecasting
module and the pumping management module, which is subdivided into the hydraulic,
mechanical and power units. The hydraulic unit deals mainly with the different pump
combinations possible under maximum flow rate constraints. The mechanical unit is
designed to select the 'best' combination, both mechanically and electrically. The power
management unit checks the power consumption of the chosen combination versus the
authorized design power. The ultimate goal is to upgrade the level of automation of the

water supply system from a few automated reservoir level switches and timing system to a

fully automated pilot system.

Zessler and Shamir (1989) used progressive optimality (PO), an iterative dynamic
programming (DP) method to find an optimal pump operations schedule for the Ein Ziv
system, in Israel. The regional system is divided into subsystems of one pumping station
between two reservoirs. A full 24-hour optimization run written in Pascal on a IBM

PC/XT took 10 to 15 minutes to reach a solution.

In the United States, Ormsbee and Chase (1988) tackled the optimal pump
operations problem by developing an optimal tank trajectory for each reservoir in the
system and an optimal operating policy to achieve those trajectories. The optimal
trajectory represents the minimum operating cost. Ormsbee et al. (1989) used the above
methodology based on DP for water distribution systems with a single dominant storage
reservoir and multiple pump stations. A case study in Washington D. C. and its vicinity
projected savings of approximately 6.7% annually. Chase and Ormsbee (1990)
differentiated between two approaches in the development of computer models for

optimal operations: macroscopic or microscopic. The macroscopic approach uses database
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and regression curves to approximate the hydraulic system. It is a quicker way to obtain a
solution and therefore can be used for real-time control although it is not adaptable
between different water supply systems. The microscopic approach uses simulation models
coupled with optimization packages to solve the operations problem. It is robust, accurate
and adaptable but it can be time-consuming and therefore violate real-time requirements.
Chase and Ormsbee (1991) expanded on their research with nonlinear programming
(NLP). To formulate the main problem, they combined the control variable sub-problem
(optimal operating policy) with the pump operations sub-problem. The main decision

variable becomes the pump operating times.

Brion and Mays (1991} coupled the KYPIPE hydraulic simulator with a large-scale
NLP scheme solved by a generalized reduced gradient code: GRG2 (Lasdon and Waren,
1982). Preliminary results from the city of Austin, Texas, projected a 17.3% reduction
from the actual operating costs, The major drawback is that the model is too

time-consuming to be used in real-time.

Jamieson et al. (1993) developed a knowledge-based energy management system
(KBEMS). They sacrificed 'pure’ optimality for a good and efficient operating plan that
incorporates operators' knowledge and therefore offers great flexibility. The goal was to
reduce high-service pump operating costs by implementing network telemetry. Computer
control was applied to three main areas: real-time data acquisition and management of
elevated storage levels, network pressures and flows; water demand forecasting by time
series and operator's knowledge; and pump scheduling by DP. Preliminary results gave
reductions of 17.8% in electricity cost for the month of September 1989 and 20.9% for

December of the same year, for the city of Arlington, Texas.

In Australia, Crawley and Dandy (1993) developed a methed based on linear goal
programming to identify optimal operating policies in metropolitan Adelaide. One of their
major concerns was to ensure system reliability; therefore an important constraint in the

mathematical formulation of the problem was the minimum-target storage levels for each



reservoir. Savings on the total puniping costs are expected to be between 5% and 10%.

and up to 20% with improving demand forecasting.

2.1.2 Examples

Apart from the ones mentioned above, other examples of the optimization of water
supply system operations appear in the literature in recent years. Flemal et al. (1988)
highlighted the method and philosophy behind the optimal management of the Charleroi

water distribution system in Belgium. Their advanced system is based on real-time data

acquisitions and telecontrol,

The Essex Water Company in England estimated the electricity cost savings atl
about 10% since using 'Options', their pump scheduling model (Anonymous, 1988b). They
used four main features to enhanced water management: data collection, network
simulation, remote control and pump performance tests (head/flow and power/flow). The
savings were obtained by changing the management of pumps, of the different sources and
by a better use of the electricity tariffs. It was also reported that the construction of the
London Water Ring Main will help to reduce pumping costs by establishing a link between
the treatment works and demand in central and north east London (Anonymous, 1988a).
Information from sensors is telemetered to control centres where they are saved in
extensive databases and processed for optimization. The optimization model used is based

on GINAS V, developed by Leicester Polytechnic.

Lastly, Renalias et al. (1992) described the efforts of 'Sociedad General de Aguas
de Barcelona' towards automatic exploitation of Barcelona water supply system. The
control system in place is based on telecontrol for the metropolitan area of Barcelona
which comprises 28 municipalities for a total of 3.3 million people. The main criteria of

decision are the energy costs, service quality and continuity.
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2.1.3 Mathematical Considerations

Ulanicki and Orr (1990) presented a theory for the optimization of water supply
and distribution systems. Their paper can serve as a guideline for the mathematical
formulation of the problem and its solution. The mixed-integer nonkinear problem is
transformed into a two-level 'time distribution function'. The upper-level defines the
storage policy while the lower-level solves for the average flows under pressure head
constraints by LP. An example for a major city in the U.K. {(unnamed) is presented where
savings of roughly 7% of the total operating costs were achieved. Ulanicki (1991)
extended this concept by adding spatial decomposition to divide the water system into
sub-systems which provide the basic structure to solve the scheduling problem. These two
concepts are used with a three-layered (reservoir dynamics, nonlinear static hydraulics and
transitional phenomena in pipes) ‘water supply and distribution network' model to combine

simulations and optimization in a single package.

Edmunds and Bard (1990) introduced a new decomposition technigue to solve
large-scale optimal control problems. Their model uses 'time-axis' decomposition to divide
the larger problem into a series of sub-problems that are easy to solve. The mathematics
are clearly formulated and are illustrated with the water resources management problem of
sciwduling the three-reservoir hydroelectric power system. Brdys (1992) examined the
problem of determining optimal control schedules for a class of cascade water supply
systems with only fixed speed pumps. The complex nature of the problem comes from the
fact that there are both discrete (e.g. 0n/off) and continuous (e.g. time) variables. Again,
the complex mathematical formulation is thoroughly presented and many examples are

given.

Chen and Coulbeck (1991) were concerned with water supply systems with a
mixture of fixed- and variable-speed pumps. The large-scale dynamic linear problem can
be solved by using time of pumping instead of pump discharge as a decision variable. By

discretizing the speed range of the variable speed pumps, only discrete parameters need to
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be assessed. The model was fully tested for the Nurton/Bushbury zone in the city of
Wolverhampton, UK.

2.1.4 Other Aspects Of Water Supply Operations Optimization

Many other aspects of the optimization of water supply systems are studied in
Europe and in the United States. In Europe, Pigueiro et al. (1991) showed that the
reduction of safety coefficients, by reconsidering the use of maximum daily demand as a
design criterion and using simple intermittent pumping operations, are two efficient ways
to reduce costs. Hartley and Powell (1991) and Jowitt and Xu (1991) investigated the use
of time series analysis (ARIMA) for demand forecasting. Jarrige et al. (1991) discussed
the role of information technology needed for improved management of fully automated
water supply systems. Jack et al. (1991) incorporated thermodynamic measurement of

pump efficiency into the pump scheduling module in view of full automation.

In the U.S., Tarquin and Dowdy (1989) were also concerned with pump efficiency
in regards to selecting the best possible pump combination. For different head-discharge
conditions, the most effective pump combination in terms of cost was selected using pump
curves and system head curves. Field tests to determine the actual characteristics and

efficiency of the pumps permitted energy cost savings of around 9.2% in the city of El

Paso, Texas.

2,1.5 Other Types Of Optimization In Water Supply Distribution Networks

Sabet and Helweg (1989) investigaied the impact of constructing peaking storage
tanks to reduce pumping costs associated with water supply systems in municipalities
where the cost of electricity varies according to the time of day (peak and off-peak). Using

a DP optimization model, they were able to produce an optimal pump schedule and find an
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optimal peaking storage tank size.

Ostfeld and Shamir (1993b,c) worked on the optimal operation of multiquality
networks both under steady-state and unsteady conditions. The objective function was to
minimize the total cost with constraints on the quantity, quality and pressure. It was
solved with GAMS for: General Algebraic Modeling System (Brooke et al., 1988), and
MINOS for: Mathematical In-core Nonlinear Optimization System (Murtagh and
Saunders, 1982). The model, based on a projected augmented Lagrangian algorithm, is a

policy model (creates guidelines) and therefore cannot be used for real-time.

Diba et al. (1993) used LP to design a water supply distribution system planning
model for the Metropolitan Water District of Southern California. They formulated the
problem using a multiobjective approach and allowing for the use of preferential weights
for the different components. The model is used to evaluate many aspects of water supply

system planning and management and to estimate a system's reliability.

Duan et al. (1990) developed a reliability-based optimization model for the design
of pipe networks, pumping systems and optimal operation of the pumps. The problem is
presented as a large mixed-integer nonlinear problem which is solved using a generalized
reduced gradient code: GRG2 (Lasdon and Waren, 1982). The reliability-based procedure

considers hydraulic failure in the network and mechanical failure of the pumping system.

Ostfeld and Shamir (1993a) also incorporated reliability in the optimal design of
water distribution networks. They highlighted the problem of defining reliability measures
that are relevant and that can be used readily in optimization models. Kabir (1990) took
advantage of Lofus /-2-3's spreadsheet capabilities to find the optimal design of water
transmission mains, to perform a financial evaluation of pipe lines and pump stations and
also to analyze the sensitivity of the design to changes in the input parameters. He did not
however use some of the more advanced features that this software has to offer (e.g.

optimization tools).
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OPTIMIZATION IN WATER RESOURCES

The first two sections will show recent research in two peripheral aspects of water
supply systems, namely: hydrological reservoirs and water/waste treatment, which share
similar concemn for the development of optimization models to control operations and
reduce costs. Again, there is no consensus in the type of mathematical programming used
to solve the different optimization problems; more advanced studies report the work done
towards full automation. In the third section, we will lock at similar work done in the

hydroelectric industry.

2.2.1 Water Reservoirs

Dallas Water Utilities (DWU) designed a mathematical computer model to
optimize the operations of a multiple reservoir supply system. The model has three basic
modules: monthly mass-balance computations on each reservoir, a decision-making
routine and the calculation of operating costs. McCarthy (1990) reported that the DWU
model has been used successfully to find the right balance between supplying the demand

in years of drought while minimizing operational costs in the long run.

Remicek et al. (1991) used a geal programming (GP) approach to optimize the
short-term operation of a single multipurpose reservoir. The objective was to model the
complex real-time reservoir operations. Their original approach was with LP but GP
provided a more efficient way to solve the problem because less data is required and the

problem can be more simply formulated.

Five different GP techniques and also multiobjective linear programming (MOLP)
were compared by Loganathan and Bhattacharya (1990) for medelling reservoir
operations. The authors discussed the characteristics of the five GP schemes (‘preemptive’,

‘weighted', 'min-max’, ‘fuzzy' and 'interval'} and of MOLP and what should govern the
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decision to implement them. They illustrated their point with a case study of the Green
River basin in Kentucky (U.S.).

Wurbs (1993) has inventoried the major models used for the evaluation of
reservoir operations. He distinguishes between simulation and optimization models and
compares them from a general overview perspective, highlighting practical considerations.
His paper can serve as a reference for water managers and engineers in selecting an
existing model for reservoir system analysis. Much attention has been given to

multiobjective decision making in recent years.

Hipel (1992) gave the example of the Three Gorges dam on the Yangtze river in
the Republic of China where numerous objectives were pursued, including 'social’,
- 'economical’, 'financial’, 'gnvironmental', etc. He also compared different methods used in
water resources management and he presented a table of the major contributions in this

field that sprung from operational research,

2.2.2 Water And Waste Treatment

In regards to reducing costs, optimization models are a priority in the water and
waste treatment industries all over the world. In the Republic of China, Wu and Chu
(1991) designed a model based on NLP to minimize the costs of the design and operation
of a water treatment plant in Taiwan. The decision variables were the chlorine and alum
feed rates as well as the design specifications for the mixing, flocculation, sedimentation
and filter operations. The model identified the most cost-effective basin sizes and feed
rates resulting in annual savings of about 1 000 000 NT Dollars (36 900 U.S. Dollars in
1991).

In India, Mhaisalkar et al. (1993) developed a DP model for functional and

minimal-cost design of the Kerala Water Authority treatment plant at Trivandrum. Since it
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is a measure of the effectiveness of the various stages of treatment, suspended solids was
chosen as the only state parameter in the formulation of the problem. The optimal design
from the model is different from conventional designs mainly because of values obtained

for surface overflow rates in the clarifier and filtration rate.

In the United States, Ciric and Huchette (1993) are concemed with the
multiobjective challenge of optimizing chemical processes in the waste treatment industry.
The goal is to minimize waste production while maximizing profits. The problem is
modeled as a multiobjective mixed integer nonlinear programming problem (MOMINLP).
Their method is based on the fundamental relationship between sensitivity analysis and

muitiobjective optimization,

In France, where the water industry is most advanced, full automation of water
treatment stations is described by Weber (1991). Advances in telecontrol and computer
technology permit real-time operations of such schemes. This paper clearly illustrates the
hierarchical levels and redundancy needed for a reliable telecontrol system and all the

possible areas of automation in the water industry.

2.2.3 Hydroelectric Systems

The hydroelectric industry has developed many optimization models of their own,
especially for the scheduling of its operations. Research in this field is ongoing worldwide.
In China, Zhang et al. (1991) used DP to achieve optimal real-time control of
hydroelectric power plant. Their work is quite similar to the pump scheduling problem
considered in this study. They used a two-level (spatial and temporal) optimization
technique to solve the dynamic one. The result is a 'daily-hourly’ schedule. They also
performed a sensitivity analysis to assess the impact of errors on the characteristic curves
of the hydroelectric units and on demand forecasting. Even with small deviations in those

parameters, significant water consumption savings were achieved.
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In Malaysia, Rashid and Nor (1991) reported an efficient method for optimal
scheduling of fixed-head hydro and thermal plants using Lagrange multipliers. Their main
concern was to minimize the fuel cost of the thermal plants under generation hmits

constraints as well as available water and energy balance constraints.

In Brazl, Ohishi et al. (1991) designed a model for short-term hydrothermal
scheduling primarily for hydro systems. They used simulation coupled with an optimal DC
(direct current) load flow model, taking care of hydraulic, electrical and transmission
aspects of those complex systems. In Columbia, Moslehi et al. (1991) tackled the problem
of optimizing the short-term operation of a multi-plant cogeneration system in a large
industrial complex. The objective function was to minimize the overall cost of all fuels and
makeup water used during the control interval (1 to 24 hours). The constraints were
defined by electric and steam system requirements. The output was a schedule of

electricity and steam production.

In Iceland, Hreinsson (1988) worked on the optimal short-term operation of a
purely hydroelectric system that he defined as a mixed integer nonlinear problem. His goal
was to produce an hourly schedule of power production that would be optimal in reducing
losses in turbines and waterways. To achieve a solution, he developed an algorithm using
LP in two stages, which resulted in large savings in water usage from large seasonal
reservoirs of the Icelandic Power system. The ultimate goal is to integrate the model in a
computerized control centre. In Sweden, Gustafsson (1993) studied two different methods
of finding optimal solutions to the scheduling problem in 'Combined Heat and Power’

networks using LP.

In North America, Christensen et al. (1991) developed a model for solving the
load-following scheduling problem for Jarge-scale hydroelectric systems. The objective is
to maximize power generation with the most uniform surplus power. The technique used
is the minimum norm formulation of finctional analysis. They successfully tested the

model with the Bonneville Power Administration hydroelectric system, considered one of
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the largest hydro systems in the world. Grahovac and Simonovic (1990) designed an
expert system for budget preparation and optimal operation of an interconnected power
utility. The Energy Management and Maintenance Analysis computer program is based on
LP and its main objective is meeting the loads while minimizing costs and maximizing
benefits. Barbour et al. (1989) completed a joint planning study on the economic potential
of pumped storage in Colorado. They used the Electric Generation Expansion Analysis
System developed by the Electric Power Research Institute to assess the impact of

pumped storage. Different alternatives can be compared in view of efficient use of present

resources and future needs.
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CHAPTER 3

THEORY

As seen from the literature review, there is no consensus on the preferred type of
mathematical programming for solving the 'pump-scheduling’ problem. The most common
are: linear programming (LP), nonlinear programming (NLP), dynamic programming
(DP), goal programming (GP) and multiobjective programming (MOP). Actually, pump
scheduling and reservoir releases problems are implicitly all of the above: multiobjective,
since the goals are to minimize operating costs as well as maximizing security of supply
and system reliability; goal, since there are target reservoir storage volumes to be attained
at the end (or start) of a time period (e.g. full reservoirs at 07:00 hours); dynamic, because

the problem evolves with time; nonlinear, because the cost function and some constraints

can be formulated as nonlinear equations (e.g. quadratic); and finally linear, because by

time and spatial decomposition, the problem can be expressed with linear equations,

Considering all these aspects and the necessity of finding an efficient solution to
the problem, LP was chosen as the most well-defined type of mathematical programming
and therefore the easiest to solve if the objective function and the constraints can be
clearly formulated, The next section will describe the LP approach as applied to RMOC's
water supply system. There are two levels of optimization involved: Level 1 is for solving
for pumping times, and Level II for creating the pump schedules. The LP formulation
presented is a general form of the objective function and constraints based on the basic
structure of one pumping station with many pumps, supplying water to one water demand
zone with one reservoir. Some modifications are necessary where there are more than one

pumping station and/or more than one reservoir.
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3.1 THE LINEAR PROGRAMMING PROBLEM

As mentioned above, spatial and time decomposition are essential if one wants to
solve the pump scheduling problem using LP. Spatial decomposition (Ulanicki, 1991) is
performed by creating a network schematic (Figure 3.1) that is a simplified version of the
water supply system schematic (Figure 1.3). Minor consumer demand zones are grouped
with major demand zones and the same is done with the reservoirs. Code names are
assigned for clarity. Two major branches are identified: Carlington Heights (zone 1W) and
Glen Cairn/Stittsville (zone 2W), which includes the Barrhaven (zone BAR) sub-branch,

There are also two minor branches: Hurdman Bridge (zone 1E) and Billings Bridge (7one
2C). A full description of these branches can be found in Chapter 4. Each minor branch
can be solved independently and the results are incorporated into the major branches that

are in turn solved.

"Time-axis' decomposition (Edmunds and Bard, 1990) is used to transform the
continuous variable time into discrete intervals called time steps. The optimization period
of 24 hours is subdivided into K control intervals according to Ottawa Hydro's electricity
rate structure, in this case K=2, namely: night (k = 1; off-peak) and day (k = 2; peak). The
restricted hours are being considered when creating the pump schedule. All parameters
involved have to be characterized as either integer (on/gff pump status), discrete (pump
combinations), or continuous (flow, discharge) variables and careful transformations have
to be applied to obtain a homogeneous formulation of the problem. The same holds true
for linear and nonlinear variables. Simplification is required in some instances: continuous

variables are broken down into one value for each one-hour period.

All the necessary data was provided by RMOC from the water supply system's
historical data. These were used to approximate the hydraulic performance of the system.
Therefore, according to Chase and Ormsbee (1990), the approach can be categorized as
‘macroscopic. Some of the data is exact (water consumption, reservoir data) but some is

estimated (power consumption) from past years' data adjusted for present year from
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observed trends in the historical data. Ultimately, the model developed will need to be

calibrated if comparison with actual operation is required.

3.1.1 Level I Optimization - Solving For Pumping Times

A major assumption in defining the linear programming problem is that the
network under consideration is correctly designed; i.e. the hydraulic characteristics of the
network allow for acceptable internal pressures and/or flows under normal reservoir
operations (Jowitt and Germanopoulos, 1992). This holds true for RMOC's network
which has been supplying water successfully for many years. The basic structure of a
branch consists of a pumping station, a reservoir and a consumer demand zone. This
structure provides the basis for the mathematical formulation of the linear programming
problem. Adapted from jowitt and Germanopoulos (1992), the electricity cost function

over control intervai k (k = 1 and 2), for pumping water at a particular pumping station,

becomes:
Aln
MIN| R x 2 (X% OF, Ug,)] (3.1
pr=]
where X = pumping time for pump combination m (hours);

Q. = flow rate for pump combination m (ML/h);

R* = unit cost of electricity ($/kW.h);
U, = power consumption factor for pump combination m (kW.h/ML);
M, = maximum number of pump combinations;

For each pump combination (m = 1, ..., M,)} the flow rate (Q_* ) is taken as the
sum of the capacities of each pump in parallel. The unit cost of electricity (R¥) is given by
Ottawa Hydro's rate structure. There are three different rate structures: (i) Ottawa Hydro's
‘General Time-Of-Use' rates for the WPPs' pumping stations (in the 2000-5000 kW
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demand bracket) where a discount of 1/3 off the rates is in effect due to the agreement
with Ottawa Hydro (restriction schedule); (ii) Ottawa Hydro's 'General Service' for the
minor pumping stations in Ottawa; and (iii) City of Nepean's rates for the minor pumping
station situated in Nepean (Barthaven pumping station). Power consumption factor (u.h
is obtained from the pumps' electrical consumption divided by the rated discharge of the
pump. At the WPPs, power used for water treatment is added on to take into account the
higher cost of treatment for Lemieux (110 kW.WML) compared to Britannia (80
kW.W/ML). These estimates were provided by RMOC from records of total power

consumption for pumping and treatment. There is some concern that the value for

Lemieux Island treatment might be too high (personal communications with André Proulx,

RMOC's Director, Water Division).

It should be noted that in RMOC's case, pipe sizes are more constraining than the
WPPs' and other smaller stations' pumping capacity. The only exception is at Lemieux
Island WPP, where the treatment capacity is the limiting factor used for selecting the
possible pump combinations. Elsewhere, pipe size restrictions are used to limit the number
of possible pump combinations. The pumping times (X, *) for each pump combination are
the unknowns determined by the ‘Optimizer' tool within Bor/and’s Quattro Pro version
5.00 for Microsoft Windows, which is designed to solve LP schemes.

The constraints af one particular pumping station are;

a) Duration of pumping within control interval k:

M (Xky=T* for the filling operation (k = 1) (3.2a)
Tt (XEy< T for the emptying operation (k = 2) (3.2b)

where T* = duration of the control interval (hours);
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During the off-peak period (k = 1), water is pumped into the reservoirs only (filling
operation}. Therefore, water has to be pumped during the entire duration of the control
interval to meet consumer demand at the same time (Equation 3.2a). During the peak
period (k = 2), water is pumped and/or drawn from the reservoirs (emptying operation).
The pumping time can be less than the duration of the control interval because consumer

demand can be met from reservoir releases (Equation 3.2b).

b) Minimum pumping time:

Xtz for smaller pumping stations (3.32)

Xt>2 for the WPPs' pumping stations (3.3b)

It is desirable but not essential to meet these constraints because there is no built in
cost for turning pumps on/off. However, keeping in mind the practical aspect, a minimum

pumping time is required.

c) Flow continuity:

T (XA0%y = FuT, + 1 (3.4)
where V* = consumer demand during control interval k (ML);
F, = fixed valve constraint on filling/emptying the reservoir (ML/h);
T, = effective time when fixed valve to/from reservoir is open @ F,
(hours);

Note: F, is positive for filling and negative for emptying operation.

For the filling operation (F, positive), water pumped (expression on the left of the
equality sign) must go into the reservoir (first part on the right of the equality sign) and
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weet consumer demand (second part). For the emptying operation (F, negative), water
pumped plus reservoir releases must equal consumer demand. The reservoir teleases are
total volumes of water moving in or out of a reservoir during the control interval. The
fixed valve constraint is slightly lower than the pipe constraint (pipe size and maximum
target velocity of 1.5 m/s) to account for pressure loss from the entrance and exit
conditions at the reservoir and pressure loss at the valve. The effective time when the fixed
valve is open represents the time it would take to move water in or out of a reservoir at
the maximum possible flow rate (which is the fixed valve constraint) to balance the flow
continuity equation. For the duration of the control interval, the total volume of water in
or out of the reservoir will be subdivided into hourly volumes. Hourly reservoir releases

are governed by hourly water balances with effective flow rates between zero and the

hourly fixed valve constraint.

d) Reservoir storage volumes:

[§*=S*1 + F,T,]) > Suin (3.5a)
[S* =S5 + F, T, < Smax (3.5b)
where S = storage volume at the end of control interval k (ML);

S*' = storage volume at the start of control interval k (ML);

8™ = minimum storage volume (ML);

S™ = maximum storage volume (ML);

The minimum storage volume is determined from fire protection, emergency
needs, flow balancing and/or pressure requirements and therefore has a built-in safety
coefficient. Piqueiro et al. (1991) indicate that too often this value is overestimated. If a
reduction of operating costs is desirable, a good first step would be to reevaluate this

parameter in light of historical data and operators' knowledge.
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¢) Initial and final reservoir storage volumes:

S0 = gstart (3.6a)
Sk:K - Send (3.6b)
where ™" = initial storage volume (ML);

§ = final storage volume (ML);

From all these constraints we can see that the unknowns are the pumping times,
X, , the effective time that the fixed valve is open, T,, and the reservoir storage volume
at the end of the control interval, S¥, which is a target value. T, is a parameter but not an
unknown since it can be calculated from the flow continuity equation. The control
intervals (k = 1 or 2) are chosen so that at the end of the gff~peak period, the reservoir
should be full and at the end of the peak period, the reservoir should be at minimum
volume, if the operating cost is to be minimized. Therefore, only the pumping times are

unknown,

All the other parameters are taken as constant over the control interval and are
determined from RMOC water supply network's historical data. The global problem of
minimization is solved when the pumping times (X_*) at each pumping station in the

network meet the global constraints imposed by the water purification plants.

The additional constraints that bound the problem at the WPPs are;

f) Duration of pumping within control interval k when there are two pumping stations that
can supply the water (i.e. WPPs):

T XhysT* for both filling/emptying operations (3.7a)



T (X rys T for both filling/emptying operations (3.7b)

i X "z T for the filling operation (k = 1) (3.7¢)

where M, = maximum number of pump combinations for both pumping
stations;

M, = maximum number of pump combinations for the first pumping
station;

During the off-peak period, each pumping station can supply water for a duration
less than the control interval (Equations 3.7a and 3.7b) as long as the total pumping time
is at least as long as the control interval, to meet consumer demand (Equation 3.7¢).

During the peak period, the duration of pumping and reservoir releases is controlled by the

hourly water balance.

g) WPPs' capacities

The two WPPs are designed to supply a total of 640 ML/d in the summer and 560
ML/d in the winter. As discussed before, pipe size is more of a concem than pumping
capacity except for Lemieux Island WPP treatment capacity. It should be noted that the
Fleet Street pumping station generates no pumping costs (only treatment and base load

costs) since the turbine pumps are run from the head differential with the Ottawa River
(Chapter 1).

The output from Level I Optimization is the electricity cost associated with the
objective function, the pumping times for each pump combination and the effective time of
reservoir releases (in or out) for each reservoir. The use of a spreadsheet permits simple

row/column calculations that serve as double checks on the reservoir storage volumes,
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fixed valve transfers, water consumption and total water pumped. There is also

verification that the constraints are met.

3.1.2 Level I Optimization - Creating a Pump Schedule

Level II Optimization uses very simple LP and row/column calculations to create a
pump schedule from the hourly water balance based on the pumping times and pump
combinations selected in Level 1. Operators' knowledge becomes very important because
this optimization should not be a ‘black box'. The output is a pump policy that can serve as
a guideline for the operators. The major decision maker is the restriction period which
varies from month to month but with great season variability. For example, in July the
restriction period is from 10:00 to 16:00 weekdays. In January, it is from 9:00 to 11:00
and from 16:30 to 19:00 weekdays. The reservoir releases should be greatest during these
periods. The proposed pumping schedules are based on minimum operation cost and are
not always practical. 'Fine tuning' is required to obtain more realistic schedules even if it

affects costs.

Essentially, the 'model' is in fact many different models, one for each basic
structure in tie network (pumping station, reservoir, water demand zone) and one per
control interval. Therefore, the repetitive nature of the work in terms of solving LP, but
also in terms of assessing the impact of different water management alternatives, is nicely
tackled by the many advanced features of spreadsheets (especially software designed for
Microsoft Windows). The fact that it is a familiar computer environment for water

managers should not be underestimated.



CHAPTER 4

NOMENCLATURE AND METHODOLOGY

4.1 DATA USED

Regarding the amalytical work, pumping station data, reservoir data and
consumption data are supplied for the two minor branches: Hurdman Bridge and Billings
Bridge; and the two major branches: Carlington Heights and Glen CaimvStittsville,

including Barrhaven sub-branch. Basically, there are three levels of pump information:

1] the model outputs pumping times (X ) for different pump combinations identified

by number (e.g. X1, X5) for each branch;

(i)  the table of pump combinations for that particular branch will identify the pumps
by Optimization Pump Code which is descriptive whenever possible, i.e. S for a
small capacity pump compared to B for a big capacity pump; E for electrical
compared to D for dual drive or diesel (e.g. X1 =E, X5 = ED). These codes were
necessary because the pump identification used by RMOC have too many
characters (e.g. PD/PE-7). It should be noted that a pump can be electrical and

small or dual drive and big but only one character will be used;

(iif)  the table of pumps for a particular pumping station for that branch will provide all
additional information about the individual pumps, e.g. in Carlington Heights
Branch, pump combinations X1 and X5 refer to the BRIW pumping station where
Optimization Pump Code E means: electrical pump PE-3, speed = 900 pm,
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capacity = 63.6 ML/d, head = 65.5 m, electricity consumption = 800 HP or 597
kW; and D means: dual drive pump PD/PE-7, speed = 890 rpm, capacity = 63.6
ML/d, head = 65.5 m, electrical consumption = 900 HP or 671 kW, therefore X5

= ED, is the combination of those two pumps in parallel.

The pipe constraint is calculated from the pipe size assuming a maximum target
water velocity of 1.5 m/s (Q = vA; Q is the discharge, v is the average velocity, and A is
the cross-sectional area of the pipe) which is the standard in the industry. It is used as a
limiting factor for the number of possible pump combinations and should not be
considered as rigid in terms of evaluating different water management alternatives. All the
data was supplied by RMOC and is stored in a Quattro Pro spreadsheet to be used by the

model.

4.1.1 Hurdman Bridge Branch

The Hurdman Bridge Branch in zone 1E comprises the Hurdman Bridge pumping
station (code name: HB1E). The pumping station inlet/outlet pipe size is 1219 mm and the
major pipe constraint is 151.3 ML/d based on a maximum target velocity of 1.5 m/s, as
méntioned above, but in actual operations 185.4 ML/d is allowed. There are four pumps
within the station: two electrical (E) and two dual drive (D), all with a capacity of 92.7
ML/d, a head of 13.7 m, constant speed and an electrical consumption of 373 kW.
Therefore, there are 8 different electrical pump combinations possible. Only 5 remain
subject to the pipe constraint, and practically, there are only 2 choices: 1 or 2 pumps on
(see Table 4.1).

The reservoirs involved are Orléans, Montréal Road, and Innes Road (grouped
under code name: R1E). The characteristics of operations of the ‘effective’ reservoir are
listed in Table 4.2. Consumption data include zones 1E, 2E and Montréal Road (MTL)
and are presented in Figure 4.1.
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4.1.2 Billings Bridge Branch

The Billings Bridge Branch in zone 2C comprises the Billings Bridge pumping
station (code name: BB2C). The pumping station inlet/outlet pipe size is 1067 mm and the
major pipe constraint is 116.0 ML/d. There are five pumps within the station: two
electrical small (8), two dual drive big (B), and one electrical big (B). The small pumps
have a capacity of 19.6 ML/d and an electrical consumption of 131 kW. The big pumps
have a capacity of 37.3 ML/d and an electrical consumption of 224 kW. Both small and
big pumps have a head of 42.1 m and constant speed. There are 11 different electrical

pump combinations possible. Subject to the pipe constraint, 9 remain (Table 4.3).

The reservoir is Ottawa South (code name: R2C). It is an elevated tank with
minimum storage. The characteristics of operations are listed in Table 4.4. Consumption

data presented in Figure 4.2 include zones 2C and South Gloucester (SGL).

4.1.3 Carlington Heights Branch

The Carlington Heights Branch in zone 1W comprises 3 WPPs' pumping stations:
Britannia W, Lemieux Island 1W, and Fleet Street 1W (code names: BR1W, L1IW, and
FS1W). The pumping stations' inlet/outlet pipe sizes are respectively 1219, 1372 and 1219
mm. The major pipe constraint at Britannia WPP is 160.0 ML/d. For Lemieux Island
WPP, the major constraint is the treatment capacity of 290.0 ML/d. Therefore LI1W and
FS1W pumping stations must be dealt with together.

There are four pumps within the BR1W station: one big diesel only (B), two
electrical {X, one is small S) and one dual drive (D). The characteristics are listed in
Table 4.5a. There are 7 different electrical pump combinations possible, all within the pipe
constraint. LITW station also has four pumps: three electrical (one big, B; two electrical,

E) and one dual drive big, B (Table 4.5b). FS1W station has five turbine pumps: two big,



B and three small, S (Table 4.5c). Since there is no cost associated with running Fleet
Street pumps, the total number of electrical pump combinations from stations LIIW and
FSIW together is counted with at least 3 of the turbine pumps on: 30 possibilities down to
13 with the treatment capacity constraint. FSIW pumps can also be used by themselves
(not in combinations with LITW pumps), but a minimum of three pumps is still desirable
yielding 6 possible combinations. For all three pumping stations (effectively: BRIW,
LITW+FS1W, and FS1W), there are a total of 20 possible pump combinations (Table 4.6).

This branch's reservoir is the Carlington Heights reservoir (code name: R1W). This
is the largest reservoir in the network. The characteristics of operations are listed in Table

4.7. Consumption data for zone 1W is presented in Figure 4.3.

4.1.4 Glen Cairn/Stittsville Branch (Including Barrhaven Sub-Branch)

The Glen Caimy/Stittsville Branch in zone 2W comprises one WPP's pumping
station, Britannia 2W (code name: BR2W); another pumping station linking pressure
zones 1W and 2W (CH2W); and the Barrhaven pumping station (BHPS). The pumping
stations' inlet/outlet pipe sizes are respectively 1524, 610 and 914 mm. The major pipe
constraints are 236.6 ML/d for Britannia 2W; 37.9 ML/d for CH2W; and 85.1 ML/d for
Barrhaven. There are four pumps within the BR2W station: one diesel only (D), two
electrical (E, one is small S) and one big dual drive (B). The characteristics are listed in
Table 4.8a. There are 7 different electrical pump combinations possible, all within the pipe
coustraint. CH2W station also has four pumps: three electrical (two small S and one big
B) and one big dual drive (B) (Table 4.8b). Although there are 8 possible pump
combinations, only 3 are within the pipe constraint. Therefore, 10 pump combinations are
possible for this branch (Table 4.9), the Barrhaven pumping station being run
independently (refer to the Network Schematic, Figure 3.1).

Barthaven station has five pumps: two dual drive (D, one is big B) and three
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electrical (two E and one small S) (Table 4.10). There are 23 possible pump
combinations with the pipe constraint at 85.1 ML/d. To take into account the real
operations at Barrhaven, a 'large flow' pipe constraint of 50.0 ML/d is introduced,
reducing the number of pump combinations to 13 (Table 4.11). The Barrhaven pumping

station supplies water directly to the demand in zone BAR because of pressure reasons.

The reservoirs involved are Glen Cairn and Stittsville (grouped under code name:
R2W) and Barrthaven (RBAR). The characteristics of operations of both reservoirs are
listed in Tables 4.12a and 4.12b. Consumption data for zones 2W and BAR are presented
in Figures 4.4a and 4.4b.

4.2  ELECTRICITY RATES

As mentioned in Chapter 1, Ottawa Hydro bills users according to demand and
consumption. The demand load is very difficult to account for but is not expected to vary
by more than plus or minus 5% with improved pump scheduling at the WPPs. The WPPs
are in the 2000-5000 kW demand bracket, with higher demand load in summer compared
to winter (Britannia WPP: +1,01%; Lemieux Island WPP: +9.93%) while demand rates
are lower for summer than winter. Demand and consumption rates are ‘stepped: they are
divided into blocks with different rates (Table 4.13). For demand, the first 50 kW of the
moxnth have no charge while the next 4950 kW are billed at $5.40/kW during winter and at
$4.20/kW during summer ("General Service Time-Of-Use"). There are no off-peak
charges simply because the highest demand will occur during peak hours. These are based
on 1993 rates (no increase in 1994), a copy of Ottawa Hydro's 1994 commercial rates is
included in Appendix D. For consumption, the rates are stepped in four blocks: (i) the first
250 kW.h in the month, (ii) the next 6625 kW.h, (iii) the next 1 184 000 kW.h, and (iv) all
additional kW.h (refer to Appendix D). The third step is used in the model. This is because
the electricity costs are calculated by the month and the first two steps add up to 6875
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kW.h, which represents only 28% of the smallest daily consumption calculated by our
model at the WPPs (Lemieux Island / winter). In all cases, the first 6875 kW.h will be
recorded in the first 7 hours of the first day of the month, with all days of the rest of the

month in the third step mentioned above.

For pumping stations other than at WPPs, demand and consumption rates are also
'stepped’ but the rates are the same for peak and off-peak, summer and winter.
Consumption rates 'steps' for Ottawa Hydro "General Service" (pumping stations: HB1E,
BB2C, CH2W) are divided in four blocks: (i) the first 250 kW.h in the month, (ii) the next
12 250 kW.h, (iii) the next 1 983 900 kW.h, and (iv) all additional kW.h (refer to
Appendix D). Again, the third step is used in the model for the same reasons stated above.
For Barthaven pumping station in the City of Nepean, the third block is the next 2 129
000 kW.h and also the one used in the model.

In the compilation of energy costs presented in Chapter 5, the monthly total is
adjusted to reflect the two first blocks of consumption rates. Very importantly, there is a
173 discount off the "General Time-Of-Use"” rates to allow for Ottawa Hydro's 'peak
shaving'. This discount is accounted for in the objective function of the WPPs' pumping

stations.

43  BORLAND'S QUATTRO PRO SPREADSHEET AND THE OPTIMIZER
TOOL

Borland's Quattro Pro spreadsheets are called notebooks. A notebook contains
many pages, each page consisting of an array of cells in columns and rows. A cell can
contain numbers, text or formulas, RMOC's water supply network data is stored in a
notebook called 'NETWKOPT.WB1', The first five pages include all data and models for
each of the branches and are named accordingly: Hurdman Bridge, Billings Bridge,
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Carlington Heights, Glen Cairn/Stittsville, and Barrhaven. In general, the data stored in a
page follows the format highlighted above: pumping station data, reservoir data and
consumption data but it also includes optimization data: electricity rates in effect for that
branch and a summary of possible electrical pump combinations used by the model. The
objective function and constraints for that particular branch follow in text form. Finally,
the optimization formulation and models for typical July and January days and for the two
control intervals are stored (summer night, summer day, winter night, winter day). The
two following pages include the compilation and summary of daily and monthly energy
costs for typical days of summer and winter. These energy costs include the pumping,

treatment and base load costs as well as the step function of the electricity rates.

4.3.1 Level I- Optimization

An example of Level I output is presented in Figure 4.5, it is the optimization
output from the Glen Cairn/Stittsville branch for 'summer night' (T* = 8 hours). The
objective function is expressed mathematically as Equation 3.1 in the shaded cell reading

) for

each of the 10 possible pump combinations followed by two additional variable cells,

273.61%. Immediately under and also shaded are the variable cells, pumping times (X
effective times that the fixed valves to both reservoirs (T,) are open. Thus there are two T,
in this branch (T, for the R2ZW reservoir and T, for the RBAR reservoir). All the variable
cells have an initial value of zero. If a particular pump combination is selected by the
model, in this case pump combinations X1 and X5 are selected for respectively 3.2429
hours and 4.7571 hours, the word "Yes" appears in the right column as a visual flag. Also,

to the left, the decomposition of the operating costs per pumping station is shown.

The reservoir storage volumes at the beginning (S*') of the control interval ('night’
in this caze) are set at minimum for both reservoirs. The reservoir storage volumes at the
end of the control interval (S*) are calculated using the expression within brackets in

Equation 3.5a. The minimum and maximum reservoir volumes for each reservoir arc
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indicated to the right for easy comparison. The reservoir releases are referred to as fixed
valve transfers (F,T,) to better represent the fact that water flows into the reservoir during
the night (instead of 'reserveir releases’). The fixed valve transfers for each reservoir and
water consumption (V*) for each zone are calculated, then the two are summed up in the
next shaded cell (second part of Equation 3.4). Water pumped at each pumping station is
calculated from the first part of Equation 3.4 and the total is entered in the shaded cell.
The flow continuity can then be checked since the two expressions (shaded and framed)

should be the same.

The next set of shaded cells contain mathematical expressions relating to the
constraints bounding the problem. The first three (/a, /5 and Ic) are Equations 3.7a, 3.7b
and 3.7¢ referring to the duration of the control interval. The next one (2) relates to flow
continuity (first part minus second part of Equation 3.4 should give zero). The precision
expected is plus or minus 10™. The next four (3) are Equations 3.5a and 3.5b for each
reservoir. While the next two (4) are Equation 3.6b for each reservoir. The last shaded cell
(5) indicates that Equations 3.3a and 3.3b were desirable but not essential. Again, the right

column gives some visual indication if the conditions are met.

The linear programming formulation as used in the Optimizer tool is shown in
Figure 4.6 for the same branch and control interval. The first shaded area shows the three
main part of the mathematical formulation of the objective function: where the solution
cell is (+D3), where the variable cells are (@COUNT(D4..D15)) and what the goal is
(Minimize). The @COUNT function is not used to return the number of non-blank cells
but to define a block to be used in Optimizer. The next block (unshaded cells) are the
variable cells bounded to be positive. The last shaded block refers to the mathematical

formulation of the constraints mentioned in the preceding paragraph.

To open Optimizer, choose "Tools/Optimizer" in Borland’s Quattro Pro main
menu. Since the models are already designed for each branch and contro! interval, choose

"Options” then "Load Model". The model is loaded by pointing to the cell reading
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"Solution Cell" where the model is saved in the spreadsheet (in the "H" column, same row
as the objective function for each of the different models). The maximum time and
maximum iterations are changed to the maximum value of 1000, the precision (accuracy of
the solution) is set to 1 x 107 and the tolerance (maximum percentage a solution can differ
from a theoretical optimum integer solution) to 0.05. Estimates is set to "Tangent”,
meaning that the initial estimates of the basic variables in each iteration are obtained from
linear extrapolation from a tangent vector (as opposed to "Quadratic”). Derivatives is set
to "Forward", indicating that the partial derivatives are calculated by forward differencing
(as opposed to "Central"). Search is set to "Newton" for computing the search direction
using a quasi-Newton method (as opposed to "Conjugate"). The Opfimizer is ready to
SOLVE for Level I optimization. In some cases, the maximum time is exceeded but using
SOLVE again will resume the optimization. Two other messages sometimes appear;
"Objective function changes too slowly" or "No feasible solution can be found"; but it
does not mean that the optimization has failed. Often, it means that the desired precision
can not be attained. A quick investigation of the solution given by Optimizer at this point

and a good knowledge of the network will provide the answer concerning those messages.

4,3.2 Level II - Optimization

Level II optimization is performed to create a pumping schedule. An hourly water
balance table is produced from hourly coefficients for pump combinations selected in
Level I. The water balance is produced from a combination of simple LP that solves
hourly flow continuity equations and simple spreadsheet row/column calculations. The
objective function is the flow continuity equation for the duration of the control interval.
These are the constraints for the night control interval (k = 1): (i) the pumping times must
add to one for each hour no matter how many pumping stations are involved; (i) the fixed
valve transfers must be positive (filling the reservoir at night) for each hour. For the day
control interval (k = 2), the constraints are: (i) the pumping times must be less or equal to

one for each hour for each pumping station involved; (ii) the fixed valve transfers must be
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negative (emptying the reservoir at day) for each hour. For both night and day control
intervals, the pumping times over the duration of the control interval for each pump

combination must add up to the values given in Level L.

In Table 4.14, the cell containing the objective function is the one shaded in the
last column. The variable cells are the hourly coefficients for both pump combinations
(shaded cells in columns 2 and 3). The three constraints mentioned above are in columns 4
and 5 and in the second to last row (" Total = "). A visual indication is given that the
objective is attained ("Yes" in the bottom row, last column, if the number is between plus
or minus 107, which is the desired precision). Figure 4.7 shows the Optimizer
mathematical formulation of the problem. The objective function (or 'solution cell') is
stored in cell "+E78", the variable cells which are the hourly coefficients are stored in
"B70..C77". The goal is to "Equal” the flow continuity equation to zero. The unshaded
block contains the constraints. Loading and solving this model will establish the hourly

coefficients to be used in the hourly water balance or pump schedule (Table 4.15),

Producing a pump schedule is a typical application of spreadsheets. Water pumped
from both pumping stations from this branch are shown in the first shaded block. They are
calculated from the product of the hourly coefficients from the LP and the rated
discharges of the selected pump combinations which are stored in the spreadsheet. Water
consumption data are also stored in the spreadsheet and the values are linked to these cells
so that any changes in the data are reflected in the pump schedule. The last column shows
the fixed valve transfers from simple column calculations (water pumped in the second and
third column minus water consumption in the fourth and fifth column), The bottom shaded
rows are double checks between the sum of hourly flows and the total for the control
interval. The model is stored from column "H" in rows adjacent to Level II - hourly

coefficients table,

There are some minor variations from branch to branch depending on water

consumption patterns, number of reservoirs and/or pumping stations involved and also on
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the kind of results obtained from the different models. Three branches can be mun
independently: Hurdman Bridge, Billings Bridge and Barrhaven. The results are then used
in the two major branches: Carlington Heights and Glen Cairn/Stittsville, where the
potential for operating costs savings are the most important since their pumping stations
are large electricity users and they are subject to "General Time-OfUse" rates from
Ottawa Hydro. Spatial decomposition as well as the use of two control intervals (day and
night) permit the use of a Quattro Pro spreadsheet and the Optimizer tool to create the
improved pumping schedules. Water managers that are experienced spreadsheet users will
understand the format of the spreadsheet easily and will be able to incorporate operators'
knowledge in producing realistic purping schedules. Also, the readily available graphics

interface can be used to aid in the interpretation of results.
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CHAPTER 5

RESULTS

The first section will present results of Levels I and II optimizations for the four
branches and Barrhaven sub-branch for a typical day in July and a typical day in January.
The second section will present the compilation of energy costs for the same typical days.
Monthly estimations of those costs will be compared to Ottawa Hydro's bills for the
WPPs. The comparison is used to judge if the model is 'realistic' enough to be used in
further analyses. Since the models have not been calibrated and it would be very time and
labor consuming to do sb, the comparison cannot be used to assess the efficiency of the
model. The third section will present the analyses performed to assess the impact of
different management alternatives on the energy costs. Another important aspect
investigated is the impact of increasing water demand in the network. Finally, cost-benefit
relationships will be developed wherever possible. Discussion elements are included
throughout this chapter although the majors points are discussed in details in the next

chapter.

51 LEVELSIANDII OPTIMIZATIONS RESULTS

The network schematic in Figure 3.1 outlines the basic structure: pumping station,
reservoir and water consumption zone used by all the different models. It should be noted
that the first control interval (night) starts at 23:00 hours and ends at 07:00 hours:
consumption data at 23:00 hours and 24:00 hours should be values from the day before.

But 'fypical days' consumption data provided by RMOC are sets of 24 hourly values from
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01:00 hours to 24:00 hours therefore, for simplicity, values provided for 23:00 hours and
24:00 hours are taken as being from the day before. Also, the reservoir storage is assumed
to be at minimum volume at 23:00 hours. [An optimized pump schedule is based on water
being drawn from the reservoir during the day uatil that minimum value is attained]. Since
the electricity costs for Ottawa Hydro's "General Service" and for the City of Nepean are
the same for uight and day, the primary incentive for optimization in the minor branches is
to lessen the burden on the major branches during the day by proper pump scheduling. All
the linear programming formulations for Optimizer (e.g. Figures 4.6 and 4.7) are
presented in Appendix C.

5.1.1 Hurdman Bridge Branch

As mentioned in Chapter 4, this branch has two possible pump combinations: one
or two pumps on. The one-pump capacity (92.7 ML/d) is large compared to all the other
pumps in the network (largest is 136.1 ML/d at LI1W). The power consumption factor
(U,, = 96.57 kW.h/ML) for both pump combinations is the lowest in the network. Total
reservoir storage volume is the second largest in the network (89.7 ML compared to
109.1 ML at Carlington Heights branch); so is the operating voiume in the summer (37.8
ML compared to 40.6 ML at Carlington Heights). The operating volume in the winter is
the largest in the network (48.0 ML). Water consumption in this branch amounts to
approximately 27% of total water consumption in RMOC. Water consumption in the

summer is 23.6% higher than in the winter.

The output from Level I for summer night is presented in Figure 5.1; and the
corresponding pump schedule (Level IT) in Table 5.1. No Level II optimization is
necessary since the pump combinations are so simple. The model selects two pumps on for
7 hours 35 minutes and during the remaining 25 minutes, only one pump is on. Since there
is no restricted time during the night, those 25 minutes can happen anytime, The pump

schedule is also an hourly water balance: water is stored in the reservoirs during each hour
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at the flow rate indicated in the last column. The objective function minimized vields an

operating cost of $326.77 for that control interval,

The results for summer day are shown in Figure 5.2; and the corresponding pump
schedule in Table 5.2. Again no Level IT optimization is necessary. One pump is on for
almost 13 hours ("*" in the table indicates the fact that, at that particular time, the pump is
used for only a portion of the hour), while the rest of the time water is drawn from the
reservoirs. In July, the restriction period at the WPPs is from 10:00 hours to 16:00 hours
(as indicated in Table 5.2), therefore that is when the pump is turned off since all water
pumped at Hurdman Bridge has a corresponding energy cost in treatment and pumping
from Lemieux Island WPP. The operating costs from pumping are $271.76 for a total of
$598.53 for the 24-hour typical summer day. With the base load at Hurdman Bridge
pumping station, the total energy cost amounts to $743.76 for a total of 110.28 ML of

water pumped.

For winter, the operating volume is so large that it is not possible to fill the
reservoir if it is at minimum volume at 23:00 hours, with a two-pump capacity of 7.725
ML/ (185.4 ML/d). Using the two pumps for 8 hours will provide an operating volume
of 41.3846 ML (8™ = 48.3154 ML, indicated by "*" in the figure). Therefore, during
winter, only a portion of th: available operating volume is actually in use but this portion
is larger than the operating volume during the summer. Figure 5.3 presents Level I output
for winter night and Table 5.3 the corresponding pump schedule. The minimum cost for

this control icterval is $335.40.

Figure 5.4 shows Level I output for winter day and Table 5.4 the corresponding
pump schedule. One pump is used for 7 hours 6 minutes while water is drawn from the
reservoirs the rest of the time to the set minimum value of 48.3154 ML (indicated as "*"
in the figure). In January, the restriction period is from 09:00 Lours to 11:00 hours and
from 16:30 hours to 19:00 hours as indicated on the pump schedule. The pumping costs
amount to $148.87 during this control interval, for a total of $484.27 for the 24-hour
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typical winter day. With the base load, the total energy cost amounts to $601.77 for §9.23
ML of water pumped.

5.1.2 Billings Bridge Branch

This branch has 9 possible pump combinations. Total reservoir storage volume is
the smallest in the network (3.4 ML), and the operating volumes in summer and winter arc
also the smallest (1.1 ML and 0.9 ML). Water consumption in this branch amounts to
approximately 12% of total water consumption in RMOC. Water consumption in the
summer is 43.4% higher than in the winter. Because water consumption is relatively low
and constant from 23:00 hours to 6:00 hours and the reservoir volume to fill is smali (docs
not require a lot of time), the control interval is set at 6 hours (instead of the 8-hour
period) for the night and 18 hours for the day. Experience with the model for that branch

proved this arrangement to be more convenient due to the lack of flexibility from the smal

reservoir volume.

The output from Level I for summer night is presented in Figure 5.5; and the
corresponding pump schedule in Table 5.5a, while the cutput from Level 11 optimization is
given in Table 5.5b. Pump combinations #1 and #2 (corresponding respectively to pumps
S and B) are on for 1 hour 12 minutes and 4 hours 48 nr'nutes. Table 5.5b gives the hourly
coefficients for each pump combination from simple LP (discussed in Chapter 3 and 4).
While it might not seem realistic to tum pumps on/off every 12 and 48 minutes, it does
yield the minimum operating cost ($69.26). This is in part due to the low flexibility from

such small operating volume.

The results for summer day are shown in Figure 5.6; and the corresponding pump
schedule in Table 5.6a. Level II optimization is presented in Table 5.6b. Three pump
combinations are selected in Level I #2, #5 and #3 (B, BB and BBB, respectively; those

pump combinations having the smallest power consumption factor). Table 5.6b lists the
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hourly coefficients for each pump combination so that the hourly water balance (Table
5.6a) respects the constraint of no flow into the reservoir during the day. The margin of
error is so small, because of the small operating volume, that it is a secondary concern to
optimize reservoir releases during the WPPs' restriction period, although all water pumped
at Billings Bridge (like Hurdman Bridge) has a corresponding energy cost in treatment and
pumping from Lemieux Island. The operating costs for pumping are $364.42 during the
day, for a total of $433.68 for the 24-hour typical summer day. With the base load at
Billings Bridge pumping station, the total energy cost amounts to $561.52 for 53.43 ML

of water pumped.

Figure 5.7 shows Level I output for winter night and Table 5.7 the corresponding
pump schedule. The hourly water consumption for winter night is smaller at each hour
than the smallest pump discharge (0.8167 ML/h or 19.6 ML/d). Therefore, it is impossible
to pump for the duration' of the control interval (Equation 3.2) during the night (6 hours).
There are two possibilities depending on operators' knowledge, either the constraint
mentioned above is violated or water is pumped in excess. The last choice has the larger
energy cost and thus, is the conservative option for evaluating operating costs for

pumping ($44.17).

The results for winter day are shown in Figure 5.8; and the corresponding pump
schedule in Table 5.8a. Level II optimization is presented in Table 5.8b. Two pump
combinations are selected in Level I: #2 and #5 (B and BB; lowest power consumption
factor). Table 5.8b lists the hourly coefficients for each of the two pump combinations.
The same logic applies in creating the pump schedule with such a small margin of error.
January's restriction period applies (indicated in the two tables, the second portion starting
at 16:30 hours). The operating costs for pumping during the day are $264.24, for a total
of $308.42 for the 24-hour typical winter day. With the base load, the total energy cost
amounts to $394.34 for 37.52 ML of water pumped.

For the Billings Bridge branch output to be used in the Carlington Heights branch
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model, the 6-hour/18-hour scheme (off-peak and peak periods' duration) has to be
converted to a 8-hour/16-hour scheme. This is done by adding the water consumption
data for 23:00 hours and 24:00 hours to the 6-hour pumping scheme and to subtract them

from the 18-hour pumping scheme.

5.1.3 Carlington Heights Branch

Carlington Heights is a major branch in the network, governing three of the WPPs'
pumping stations: BRIW, LIIW and FSIW. These pumping stations supply water to the
Hurdman Bridge and Billings Bridge branches as well as to the Glen Caim/Stittsville
branch through CH2W pumping station drawing water fiom R1W reservoir. To account
for water treatment at the WPPs, the power consumption used during the treatment
process is added to the cost of pumping. The overall treatment costs at Lemieux Island are
higher than at Britannia water purification plant (110 kW.WML compared to 80
kW.h/ML). As mentioned in preceding chapters, Fleet Street (FSIW) pumping station
runs turbine pumps from the head differential with the Ottawa River. Therefore, in
considering the possible pump combinations, there is always a minimum of three pumps ox
at FSIW. For that reason, pumps from LI1W are used in combination with the three-pump
scheme as restricted by the Lemieux Island WPP treatment capacity constraint. Power
consumption factors for those pump combinations (LITW+FS1W) take into account the
pumping cost for only the LI1W pumps and Lemieux Island treatment cost for all water
pumped. For BR1W, the power consumption factor for treatment at Britannia WPP is
simply added to the pumping power consumption factor. For FS1W, there is only a

treatment cost from Lemieux Island WPP.

Carlington Heights has the largest total reservoir volume and summer operating
volume in the network (respectively, 109.1 ML and 40.6 ML). Water consumption in that
branch amounts to approximately 36% of total water consumption in RMOC. Water

consumption in the summer is 18.9% higher than in the winter.
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The output from Level I for summer night is presented in Figure 5.9; and the
corresponding pump schedule in Table 5.9 . Pump combinations #7 and #8 (corresponding
respectively to the largest pump capacity for BRIW and LIITW+FS1W) are on for the
duration of the control interval (8 hours, no need for Level II optimization). This is
insufficient to fill the R1W reservoir to full capacity while filling reservoirs in the Hurdman
Bridge and Billings Bridge branches at the same time as satisfying water demand in zones
1E, 2C and 1W., As such, constraint 4 in the figure is violated ("No" appears next to it in
the right column). "No" also appears next to constraint 2 but this is a matter of precision
due to the inability to conform to constraint 4 (‘precision' is explained in Chapter 4). Under
these conditions, the minimum operating cost for pumping (with treatment costs and 1/3
off discount included) is $519.25 and the maximum pumping capacity for an 8-hour period
1s 145.00 ML.

The results for summer day are presented in Figure 5.10; and the corresponding
pump schedule in Table 5.10. Pump combinations #1 and #20 are selected by the model,
for 9 hours 51 minutes and 16 hours, respectively (#1 has the lowest power consumption
factor for BRIW pumping station and #20 has the highest discharge for FSIW pumping
station). Water is drawn from the reservoir from the maximum value of 106.5041 ML
obtained from the preceding control interval. Under these conditions, all constraints are
met and the energy cost is $1199.05. The total pumping and treatment cost for this
24-hour typical summer day is $1718.30. Base load and step function will be considered in

the compilation of energy costs in a following section,

Results for winter night are shown in Figure 5.11; and the corresponding pump
schedule is in Table 5.11a. The model selects pump combinations #7 from BR1W and #8
from LIIW+FSIW as for summer night. Again, the reservoir cannot be filled to its
maximum (101.9087 ML instead of 109.1 ML) due to the fact that water is drawn by the
CH2W pumping station to the 2W zone. A significant amount of water is pumped since it
counterbalances the fact that winter water consumption is lower for all three water

demand zones (1E, 2C and 1W). The impact of operating CH2W in this fashion will be



48

discussed in detail in the water management alternatives section. The hourly coefficients
calculated by the Level II model are given in Table 5.11b. The pumping costs under these

conditions amount to $755.87 for this control interval.

For winter day, results are shown in Figure 5.12 and the corresponding pump
schedule in Table 5.12a. The model selects pump combination #15, #16, #18, #19 and
#20, all pump combinations from the FS1W pumping station (no pumping costs). This is a
good example of minimum cost optimization without realistic application. Operators'
knowledge and 'fine tuning' is required to evaluate potential punp schedules that allow for
a slightly higher cost but with more practical application. The hourly coefficients for the
optimized pump schedule are shown in Table 5.12b. The objective function solves for
$850.55 during this control interval. The total pumping and treatment cost for this

24-hour typical winter day is $1606.42.

5.1.4 Glen Cairn/Stittsville Branch

Glen Cairn/Stittsville is the other major branch in the network with one WPP
pumping station: BR2W, where treatment costs are added and "General Time-Of-Use"
rates are in effect. The other pumping station is CH2W, which takes already treated water
from the RIW reservoir, is subject to “"General Service" rates, and has a small pumping
capacity. With both pumping stations, there are 10 possible pump combinations. The
peculiarity of this branch is that it has two reservoirs: R2ZW and RBAR; and two water
demand zones: C2W and CBAR. The Barrhaven sub-branch is solved independently and
will be discussed in the next section, Total reservoir volume for RZW (38.7 ML) and
summer and winter operating volumes (14.9 ML and 14.6 ML) are relatively small
compared to Carlington Heights and Hurdman Bridge. Water consumption data in this
branch (excluding the Barrhaven sub-branch) represents about 23% of total water demand
in RMOC which is less than in the Hurdman Bridge branch. Winter water consumption is

27.8% lower than water demand in the summer.



49

Results for summer night are presented in Figure 5.13 and the corresponding pump
schedule in Table 5.13a. The model selects pump combinations #1 and #5 from BRZW
pumping station (pump combinations with the two lowest power consumption factors for
BR2W). No water is drawn from the R1W reservoir through CH2ZW. Both reservoirs are
filled to maximum capacity, Table 5.13b shows the hourly coefficients from Level II

optimization. The energy costs (including treatment and 1/3 off discount) are $273.61.

For summer day, results are presented in Figure 5.14 and the pump scheduls in
Table 5.14a. This time, the model selects pump combinations #1 and #10 from BR2W and
CH2W respectively (lowest power consumption factors for each of the pumping stations).
The hourly coefficients from Level II optimization are shown in Table 5.14b, representing
approximately 29 minutes of pump combination #1 and 1 hour of pump combination #10
at each hour. This might not be acceptable at the operations level and thus, some 'fine
tuning' might be required to produce a more adequate pump schedule based on operators'
knowledge and based on minimum use of pumps during restriction hours. The energy
costs (including treatment for water pumped through BR2W) for this control interval are

$649.14. The total energy cost for this 24-hour typical summer day is $922.75.

Results from winter night are presented in Figure 5.15 and the pump schedule in
Table 5.15a. The pump combinations selected by the model are #1 and #5 from BRZW
and #10 from CH2W. Again, using CH2ZW pumping station in this fashion is not
appropriate since it prevents R1W from filling up to its maximum value and therefore
prevents optimizing reservoir releases during the day when electricity is the most
expensive. The hourly coefficients are shown in Table 5.15b. Pump combination #5 is only
used during a portion of the last hour (54 minutes). The energy costs for this control

interval amount to $353.88,

For winter day, the results are presented in Figure 5.16 and the pump schedule in
Table 5.16a. The pump combinations selected by the model are the same as for summer

day (#1 and #10). The hourly coefficients are shown in Table 5.16b. Some provision is
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made to avoid pumping during the restriction period. The energy costs for this control
interval amount to $410.08. The total energy cost for this 24-hour typical winter day is
$763.96.

5.1.5 Barrhaven Sub-Branch

The Barrhaven pumping station is used to convey water to the Barrhaven
consumption zone from the RBAR reservoir or the main line, therefore water is pumped
uniquely to satisfy demand. There are 13 pump combinations, using clectricity from the
City of Nepean. Total reservoir storage (19.5 ML) and operating volumes (12.7 ML for
summer and winter) are relatively large considering that water consumption in that
sub-branch amounts to about 2% of total water consumption for RMOC. Winter
consumption is 21.1% lower than summer's. The duration of the control intervals for this
branch are 6 hours for the night and 18 hours for the day for the same reasons highlighted

in the Billings Bridge section.

Results for summer night are presented in Figure 5.17 and the pump schedule
appears in Table 5.17. Even the smallest pump (#4 selected by the model) has a larger
capacity than the nightly water consumption, therefore water has to be pumped in excess
or pumps must be turned off for a portion of the hour (violation of the Equation 3.2, same
as Billings Bridge winter night). The energy costs of $9.97 reflect the conservative option
of pumping in excess, while the pump schedule lists the portion of the hour necessary for a

good hourly water balance.

Results for summer day are presented in Figure 5.18, the pump schedule in Table
5.18a and the hourly coefficients from Level II optimization in Table 5.18b. Level | model
selects pump combinations #4 and #8 for 15 hours 13 minutes and 2 hours 47 minutes
respectively. As shown in Table 5.18b, each pump combination is used for a portion of the

hour at each hour, making the operations very complex. Some fine tuning is desirable
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especially during the restriction hours. The energy costs for pumping during the day is
$70.10. The total energy cost for this 24-hour typical summer day is $80.07. With the base
load and step function (discussed in Chapter 6), the total energy cost amounts to $89.07

for 8.51 ML of water pumped.

Results for winter night are presented in Figure 5.19 and the pump schedule is
identified in Table 5.19. The logic is the same as for summer night, the smallest pump
being too large for the nightly water consumption. The conservative energy costs fer
pumping are $9.97 while the portions of the hour for each hour to satisfy water

consumption are indicated in the table.

Finally, results for winter day are presented in Figure 5.20, the pump schedule in
Table 5.20a and the hourly coefficients from Level II optimization in Table 5.20b. Level I
model selects pump combinations #4 and #8 for 16 hours 21 minutes and 1 hour 39
minutes respectively. As shown in Table 5.18b, each pump combination is used for a
portion of the hour at each hour, yielding the same problem as during the summer time.
The energy costs for pumping during the day is $53.75. The total energy cost for this
24-hour typical winter day is $63.73. With the base load, it amounts to $72.00 for 6.88
ML of water pumped.

52  COMPILATION OF DAILY ENERGY COSTS

The compilation of daily energy costs from all the branches and for both control
intervals is done independently for the two typical days in July and January. Results from
Level I optimization are linked to a designated page (one for summer and one for winter)
in the spreadsheet where costs are summed up and comparisons made. The operating
(pumping and treatment) costs, the electricity consumption (kW.h) and the total volume

pumped (ML) for each pumping station in the network are summarized in different tables.
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Britannia WPP pumping stations (BRIW and BR2W) are grouped and the daily base load
(ie. heating, lighting, etc.) for the WPP is added (6259.0 kW.h/d from historical data),
The night and day values for the base load are calculated proportionally to the number of
hours during the control interval. [This probably overestimates the nightly value and
underestimates the daytime value, that is why the summary includes ouly daily totals]. The
“Daily Total" includes the daily base load. The "Monthly Total" is the typical day
multiplied by 31 days in July or January and adjusted for the step function (discussed in
Chapter 4).

The same is done for the Lemieux Island WPP pumping stations: LIIW+FSIW
and FS1W. The base load for LIIW (6504.0 kW.h/d) and for FS1W (1318.0 kW.h/d) are
added to the operating costs to give the “Daily Total", which is muitiplied by 31 days to
yield the "Monthly Total" (again adjusted for electricity step function). The operating
costs per megalitre are also calculated for all the pumping stations (ncluding and
excluding the base load) but one must be careful in making comparisons since the pattern

of pumping (night and day) influences the value greatly.

3.2.1 Typical Summer Day In July: Most Critical Period

Table 5.21a summarizes the summer energy costs for Britannia WPP. Total water
pumped at Britannia represents 38.7% of water pumped in all of RMOC. When thesc
values from the uncalibrated model are compared with the bill for Britannia WPP for the
same mounth, a reduction of 10.25% is observed. If this was a calibrated model, this value

would be in accordance with the literature (between 5 and 10%).

Table 5.21b summarizes the summer energy costs for Lemieux Island WPP. Total
water pumped at Lemieux Island represents 61.3% of water pumped in all of RMOC.
With the treatment costs at Lemieux Island evaluated at 110 kW.h/ML (37.5% higher than

the treatment costs at Britannia WPP), total monthly costs from the uncalibrated model
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are 31.32% higher than reported in the bill for Lemieux Island WPP (Appendix D). The
difference is too large to be explained by calibration only, therefore it is suspected that the
power consumption factor for water treatment at Lemieux Island might be too high as
mentioned in Chapters 3 and 4 and perhaps the model outputs more water from
LIIW+FSIW and FSIW than from BRIW pumping station than actual operations
(shifting part of the costs from Britannia WPP to Lemieux Island WPP).

Table 5.21c combines the energy costs for the two WPPs: the global difference is
4.82% (uncalibrated optimized operations costs higher than reported in the bills) for the
most critical month of the summer. The difference is small enough so that the model may

be judged acceptable to compare different water management alternatives.

Tables 5.22a, 5.22b, 5.22¢, and 5.22d summarize the total energy costs for all the
other pumping stations in the network. The base load for each is taken from historical data
in kW.I/ML but these values include pumping costs. Therefore, for each pumping station,
the base load is calculated as such: the historical value multiplied by the total volume of
water pumped (ML) yields the total electricity consumption (kW.h), from this value the
electricity consumption for pumping calculated from the model is deducted. The ‘residual’
electricity consumption is attributed to the base load. This estimate is likely overestimated
since the uncalibrated model is expected to produce improved pump schedule and thus
lower electricity consumption for pumping than the ‘original' operations. Unfortunately,

bills for these pumping stations are not available for comparison.

Table 5.22a shows total energy costs for Hurdman Bridge pumping station
(HBIE). The historical value given to estimate the base load is lower than the power
consumption factor for pumping only but is too high to be base load only. Since the base
load is known to be lower than the other pumping stations, the value chosen is 120

kW.W/ML (representing 25% of total electricity consumption).

Tables 5.22b and 5.22d are for Billings Bridge and Barthaven pumping stations.
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The "*" indicates the fact that for those two pumping stations. the control intervals are 6

hours for the night and 18 hours for the day. Table 5.22¢ is for Carlington Heights 2W

pumping station.

Of all these pumping stations, Hurdman Bridge has the lowest total energy cost
per megalitre ($5.43/ML) while the other three are similar {38.12/ML for Billings Bridge,
$7.65/ML for Carlington Heights 2W, and $9.41/ML for Barrhaven pumping station),
This can be attributed to the fact that more water is pumped during the night at Hurdman

Bridge, therefore utilizing electricity when it s the cheapest.

3.2.2  Typical Winter Day In January

The typical day in January represents a typical day for the winter period. Ottawa
Hydro's "General Time-Of-Use" rates are higher in the winter but the water consumption
is much lower. Tables 5.23a and 5.23b compile operating costs and total energy costs for
Britannia and Lemieux Island respectively. The "Daily Total" for Britannia during the
winter is about 30% lower than summer. The monthly energy costs at Britannia WPP from
the uncalibrated model are 33.74% lower than the bill for that winter month (Appendix
D). The "Daily Total" for Lemieux Island WPP is 10.5% higher than summer. The
monthly energy costs at Lemieux Island WPP from the uncalibrated model are 56.4 1%
higher than the bill for that winter month. Therefore, we observe the same trend of
reported costs from the model being lower for Britannia WPP and higher for Lemicux
Island WPP as for the summer period. During January, Britannia WPP pumped 30.4%

(38.7% for July) of the total for RMOC and Lemieux Island WPP pumped the other
69.6% (61.3% for July).

Table 5.23c combines the energy costs for the two WPPs: the global difference is
1.42% (uncalibrated optimized operations costs lower than reported in-the bills) for that

winter month. Again, the difference is small enough so that the mode! may be judged as
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acceptable to compare different water management alternatives.

Tables 5.24a, 5.24b, 5.24c, and 5.24d summarize the total energy costs for all the
other pumping stations in the network for winter. All the "Daily Totals" went down except
for Carlington Heights 2W pumping station which was used during the winter night (not
during summer night). Total energy cost per megalitre remained the same for Hurdman
Bridge and Carlington Heights during summer and winter, went up for Billings Bridge
reflecting a lower percentage of nightly pumping, and went down for Barrhaven reflecting
a higher percentage of nightly pumping. Electricity rates for winter are the same as

summer for those pumping statious.

5.2.3 Analysis Of Total Energy Costs At The WPPs: Summer And Winter

As mentioned above, it is suspected that the power consumption factor for
treatment at Lemieux Island WPP is too high (personal communications with André
Proulx, RMOC's Director, Water Division). Assuming that the model outputs improved
pump schedules (according to the literature savings between 5% and 10% can be expected
from a calibrated model: Crawley and Dandy, 1993; Ormsbee et al., 1989; Tarquin and
Dowdy, 1989; and Anonymous, 1988b) and taking into account the fact that calibration
would lower the possible savings, the result of -4.82% presented in Table 5.21c for
summer is roughly 10% lower than first expected and the result of 1.42% in Table 5.23¢
for winter, about 5% lower [with a power factor of 110 kW.W/ML, compared to 80
kW.WML for Britannia WPP]. Therefore, it is desirable to analyze the effect of a lower
power factor for treatment on the compilation of energy costs for both summer and

winter.

Resuits with a power factor value of 80 kW.h/ML (same as Britannia WPP) are
presented in Tables 5.25a,b,c for summer and Tables 5.26a,b,c for winter. Savings of

4.50% for the summer from an uncalibrated model are more realistic as well as savings of
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12.38% for the winter. With a power factor slightly lower than for Britannia WPP (75

kW.I/ML), savings of 6.05% for summer and 14.21% for winter before calibration are

reached (Tables 5.27a,b,c for summer and Tables 5.28a.b.c for winter). These arc the kind
of values first expected out of the model. A better estimation of Lemicux Island WPP
power factor for treatment is recommended. The initial value of 110 kW.lWML is used for
all the analyses but the energy costs are compared amongst model results only, therefore

the impact of an overestimation is minimized.

3.3  ANALYSIS OF DIFFERENT WATER MANAGEMENT ALTERNATIVES

By careful inspection of the results, some water management alicmatives can be
idenvified and an analysis can be performed to assess their impact on the energy cost,
mostly during the critical summer period. The following list identifies potential problem

areas or areas of improvement that will be further studied:

> the 'real' cost involved with the use of CH2W pumping station to draw water from

the R1W reservoir to the 2W zone in Glen Caim/Stittsville branch;

i

the impact of a greater operating volume in the Glen Caim/Stittsville branch (this is
already under consideration at RMOC) and developing cost-benefit
relationships for that altemative;

> the impact of increasing the water demand in the Glen Caimy/Stittsville branch:

Y

the impact of increasing the pipe constraint in the Carlington Heights branch to
allow for a larger flow capacity since the RIW reservoir could not be filled at
night (increasing pipe constraint is the numerical way to represent an increase

in treatraent capacity at Lemieux Island WPP);

Y

with this increasing pipe constraint, the impact of slightly increasing the operating

volume of reservoir R1E in the Hurdman Bridge branch;
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- with this increasing pipe constraint, the impact of significantly increasing the

operating volume of reservoir R2C in the Billings Bridge branch; and

f

the impact of increasing the water demand in all branches related to Carlington

Heights branch yielding the need for an increase in pipe constraint.

5.3.1 Analysis of Glen Cairn/Stittsville Branch

The Glen Cainv/Stittsville branch will be analyzed first since it has an impact on the
Carlington Heights branch from the use of CH2W pumping station to draw water from the
RIW reservoir to the 2W zone. It should be noted that the Barrhaven sub-branch is not
further analyzed since the Barrhaven pumping station supplies the water demand for
pressure reasons. No water management alternatives could be identified to improve the

operations in that part of the network.

a) Impact Of CH2W Pumping Station During Summer And Winter

The model selects pump combinations from the CH2W pumping station of the
Glen Caim/Stittsville branch for these control intervals: summer day, winter night and
winter day. There is a hidden cost in using this pumping station since the water has to be
treated and pumped from the Lemieux Island WPP before being stored in reservoir R1W.
That hidden cost will vary depending on the pump combinations selected by the model in
the Carlington Heights branch. An analysis was conducted to assess the ‘'real’ cost of

pumping through CH2W.,

Figures 5.21 and 5.22 present the daily energy costs obtained for summer and
winter operations respectively with and without CH2ZW online. The costs shown are the
total cost of treatment plus pumping plus base load at Britannia WPP, Lemieux Island

WPP and Carlington Heights 2W pumping station (no treatment cost in the latter). In
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Figure 5.21, the overall saving realized by not using CH2W is $188.85 for a typical
summer day. In Figure 5.22 for a typical winter day, the saving is $51.92 from not using
CH2W. Because CH2W pump combinations were selected during the winter night, water
was drawn from RIW ieservoir while it was being filled. Therefore, there is an added
benefit to tum off the CHZW station: R1W reservoir can be filled to its maximum storage
capacity during the winter period. Also, CH2W pumping station was not designed to be
used on a daily basis but for emergency and pressure reasons only. For all these reasons,

all following analyses will be performed with CH2W offfine.

Figures 5.23 to 5.25 present the results from Level I Optimization for the Glen
Cairn/Stittsville branch with CH2W offline for summer day, winter night and day (summer
night model output did not select pump combinations from CH2W), Figures 5.26 10 5.28
present the results from Level T Optimization for the Carlington Heights branch with
CH2W offline for the same control intervals. Tables 5.29a,b,c show the compilation of
daily energy costs at the WPPs with CH2W offfine for the summer period. The energy
costs at Lemieux Island WPP are the same while energy costs at Britannia are higher since
all the water to zone 2W is pumped through BR2W. The overall difference with the
WPPs' bills is 6.39% (instead of 4.82% higher than the bills during summer with CH2W
oniine) but RMOC has to pay the electricity bill for CH2W pumping station on top of that
of the WPPs, yielding a higher overall cost as mentioned above. Tables 5.30a,b,c show the
compilation of daily energy costs at the WPPs with CH2W offfine for the winter period. In
this case, the energy costs at Lemieux Island WPP are lower while energy costs at
Britannia are higher than when CH2W is online for the same reason as above. The overall
difference with the WPPs' bills is 9.66% higher (instead of 1.42% lower than the bills
during winter with CH2W online) but no electricity cost for CH2W has to be added.

b) Impact Of A Greater Operating Volume For R2W Reservoir

By inspecting the possible pump combinations (Table 4.9), the largest flow
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capacity for BR2ZW is 9.6667 ML/h (232.0 ML/d). Therefore, the potential volume of
water to be pumped during the night (8 hours) from BR2W is 77.3333 ML of which
21.6267 ML is for water consumption and 12,7000 ML for filling the RBAR reservoir. Of
the remaining 43.0066 ML, 14.9000 ML are used for filling the R2W reservoir, which
leaves 28.1066 ML that could potentially be stored if the R2W summer operating volume
was larger. This amount is divided into 20% increases for the analysis. Note that the
largest pump from CH2W pumping station could be added, but it was excluded for those

reasons explained above.

Figure 5.29 illustrates the relationship between daily energy costs and increase in
operating volume of the R2W reservoir for typical days in summer and winter. In terms of
energy costs (pumping, treatment and base load included), the larger the operating volume
the smaller the energy costs. The slope of both functions is quasi-constant suggesting that
for every 20% increase in operating volume, average savings of $55.66 per summer day
and of $65.55 per winter day can be expected. A rough extrapolation over 6-month
summer and winter periods (183 days and 182 days, respectively) would represent savings

of $22 115.88 ($10 185.78 + $11 930. 10) per year per 20% increase in operating volume.

Figure 5.30 illustrates the daily energy costs per ML of operating volume in the
R2W reservoir versus the increase in operating volume. The functions for summer and
winter fall rapidly in the first 20% increase in operating volume and then tend to stabilize
at roughly $20 per ML of operating volume. Thus, the benefits of increasing the operating
volume of a reservoir are translated rapidly into savings per ML of operating volume but

those benefits tend to level off

c) Cost-Benefit Relationships Of Greater Operating Volume For R2W

There is a cost associated with increasing the operating volume of a reservoir.

Therefore the first step is to reevaluate the safety coefficient on the minimum storage
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volume. Investigation of safety concerns, emergency needs, adequate fire protection, flow
balancing and pressure requirements from historical data is important because decreasing
even slightly the minimum storage volume, $™, will increase the operating volume and
thus permit savings as mentioned above. The R2ZW reservoir minimum storage (23.8 ML)
is presently at 61.5% of the maximum value (38.7 ML) in the summer. The destrable
minimum storage volume is about 35% of the maximum value, in this case it would be
13.5450 ML, translating into an increase in operating volume of 10.2550 ML (almost
doubling the actual operating volume of 14.9 ML) without any construction costs.
Apparently, there is a suction problem at the reservoir that prevents RMOC from

operating the reservoir with a greater operating volume {personal communications with

André Proulx, RMOC's Director, Water Division).

Another means of increasing the operating volume is to build additional storage
facilities (in the model, increasing the maximum storage volume, S™ ) but there are large
construction costs involved. These costs are evaluated at $23 per (ML of operating
volume) per day over 50 years (roughly a total cost of $420 000 per ML of operating
volume), for a minimum increase of 15 ML of operating volume since no construction
project would be implemented for a smaller volume (personal communications with André

Proulx and John Krug, formerly RMOC's Master Plan Water Project Engineer).

Figures 3.31 illustrates the impact of increasing the operating volume of reservoir
R2W on the total daily costs for summer. Actual conditions are set at zero to better show
the savings from a decrease in energy costs with an increase in operating volume, As
mentioned above, theoretically the operating volume can be increased by 10.2550 ML
without any construction costs, yielding savings related to the decreasing slope of the
energy cost function. An increase in operating volume of 15 ML and higher wouid
necessitate construction of storage facilities. As shown in the figure, there is no optimum
operating volume and therefore, an increase in operating volume cannot be justified only
by savings in energy costs. In some cases, the decrease in energy costs is more

pronounced and an optimum operating volume can be found. This is illustrated in an
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hypothetical case where the energy cost fimction is assumed to be nonlinear (eg
guadratic) in Figure 5.32 (adapted from Sabet and Helweg, 1989). Clearly this is not the
case for this reservoir. Thus, the decrease in energy costs serves to dampen the costs of
construction and other reasons must be stated to justify the cost (e.g. increasing water
demand, safety concerns, emergency needs, adequate fire protection, flow balancing

and/or pressure requirements).

d) Impact Of Increasing The Water Demand

Figure 5.33 illustrates the impact of increasing water demand (V*, in the model)
on the daily energy costs. These costs will incre _ze steadily with increasing demand but
the energy costs are lower when operating from a larger operating volume. The operating
volume of 14.9 ML represents actual operations and the operating value of 37.3853 ML
represents a 80% increase in operating volume, With this increase in operating volume
(shown as an increase in maximum reservoir storage volume, S™, in the model), the daily
energy costs can be kept under the present daily energy costs with an increase in water
demand of up to 17.5%. Figure 5.34 shows the impact of increasing water demand with a
range of increase in operating volume of reservoir R2W. Since the function is line:ir, only
two points of data are used to draw each of the functions (which are all parallel). Looking
at present conditions and maximum changes in both water demand and operating volume
(0.0% mcrease in water demand at 0 ML of increase in operating volume and 25.0% at
22.4853 ML), we can see the dampening effect of a larger operating volume on the daily

energy costs, especially with increasing water demand.

Efficient optimization of daily energy costs is only possible if the reservoir can be
filled to its maximum value during the night. With an increase in water demand, there is
less water available to fill a reservoir, Tables 5.31 and 5.32 show simple water balances for
the Carlington Heights branch with CH2W pumping station offfine and online

respectively. The last column indicates the maximum possible reservoir releases (possible
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operating volume for R2ZW reservoir) considering the increase in water demand. This
highlights the fact that lower energy costs should not be the only concern when evaluating

the impact of increasing the operating volume,

5.3.2 Analysis of Carlington Heights Branch

The main analysis performed on the Carlington Heights branch is to allow for a
larger flow capacity since the RIW reservoir could not be filled at night during the
summer period. The limiting factor in this branch is the treatment capacity at the Lemieux
Istand WPP (290.0 ML/d in the summer). In the model, increasing the pipe constraint is
the numerical way to represent an increase in treatment capacity at Lemieux Island WPP.
Increasing the treatment capacity will aliow for a larger flow to the distribution system. A
quick investigation reveals that there is no additional constraint due to pipe size (maximum
target water velocity always below 1.5 m/s) in the range of increase in pipe constraint used
in the analysis (Table 5.33). The costs of increasing the treatment capacity are very
difficult to estimate, therefore no cost-benefit relationships will be developed for this

branch.

a) Impact Of Increasing The Pipe Constraint

By careful inspection of all the possible pump combinations for this branch (Table
4.6), we notice that, with the pipe constraint as it is for BRIW, all BRIW pump
combinations are already selected. Therefore there is no potential flow capacity gain from
this pumping station. The same holds for FS1W pumping station. But for LITW+FSIW,
keeping the FSIW three-pump scheme, there are still many pump combinations that
exceed the current pipe constraint. Table 5.34 lists all the electrical pump combinations for
LITW+FS1W, the last column indicating if they met the current pipe constraint (290.0

ML/d). An analysis is done to assess the impact of increasing the pipe constraint by 2.5%,
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5%, 7.5%, 10%, 12.5% and 15%. Table 5.35 lists all potential pump combinations for this
branch up to an increase of 25%. The last partial column indicates the pipe constraint

increase corresponding to the addition of that particular pump combination.

For example, a 2.5% increase would represent a pipe constraint of 297.25 ML/d.
With this new value, additional pump combinations can be selected. In this case, #21 from
Table 5.35 would be added to the model and a new optimized solution can be found. The
results for all the different increases are presented in Figure 5.35. The initial decrease in
the operating (treatment and pumping) costs from the initial conditions to 2 2.5% increase,
is small due to the fact that the RIW reservoir can now be filled to its maximum valie of
109.1 ML. Under present operating conditions, decreases in daily energy costs are only
possible with increases in pipe constraint of 2.5%, 5.0% and 15.0% since the new pump
combinations introduced at these steps have lower power consumption factors than
preceding ones. Table 5.36 ranks the new pump combinations from the lowest [discharge
x power consumption factor for pumping plus treatment] to the largest. For for pump
combination selection of the LI'W+FSTW pumps, discharge is an important parameter
along with the power consumption factor, because power consumption factors for
pumping comes from the LIIW pumps but for treatment, total discharge (LIIW+FS1W)
has to be considered. Therefore, the three most efficient new pump combinations are
introduced with increases in pipe constraint of 5.0%, 15.0% and 2.5% (as mentioned

above).

b) Impact Of Slightly Increasing The Operating Volume Of Reservoir R1E In The
Hurdman Bridge Branch

As mentioned previously, the model selects 2 puraps on for 7 hours 35 minutes for
summer night in this branch. Optimization would be improved if the operating volume was
increased so that the pumps could be on for the duration of the control interval (8 hours).

This would require an additional 1.5904 ML of storage, by lowering the minimum
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reservoir storage volume from 51.9 ML (57.9% of maximum reservoir storage) to
50.3096 ML (56.1% of §™). Figure 5.36 illustrates the impact of slightly increasing
reservoir R1E operating volume in the Hurdman Bridge branch on the daily energy costs
at the WPPs' pumping stations with increases in pipe constraint at the Lemieux lIsland
WPP of 0.0%, 2.5%, 5.0% and 15.0%. Present conditions are also presented for
comparison. Since the Carlington Heights RIW reservoir cannot be filled with present
conditions, increasing nightly pumping in the Hurdman Bridge branch will reduce the
maximum reservoir storage volume (from 106.5041 ML to 104.9137 ML). Therefore, a
marginal increase jn pipe conmstraint of 2.5% is required for full optimization of the
Carlington Heights branch. The daily energy costs are only for the major branch since the
daily energy costs in the minor branch are constant (more water pumped at night, less by
the same amount during the day, same electricity rates for night and day for the smaller

pumping stations).

c) Impact Of Significantly Increasing_ The Operating Volume Of Reservoir R2C In
The Billings Bridge Branch

Table 5.37 presents a simple water balance based on the pumping capacity in the
Carlington Heights branch and the previous increase at Hurdman Bridge, to determine
liow much water is available to fill a potentially larger reservoir in the Billings Bridge
branch with increases in treatment capacity at Lemieux Island WPP. The 8-hour control
interval bas to be converted to a 6-hour interval to conform to water consumption patterns
(explained in Chapter 4) in this branch. This is done by subtracting the water consumption
values for 23:00 hours and 24:00 hours. The last volumn in the table lists the maximum
possible amount of water available to fill a reservoir for 6 hours. Using increases in pipe
constraint of 0.0%, 2.5%, 5.0% and 15.0% in the Carlington Heights branch, and the
maximum operating volume from the table, the daily energy costs of the major brarch
(minor branch costs are constant, explained in preceding paragraph) are plotted on Figure

5.37. The increase in pipe constraint allows for a larger flow to the distribution system and
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therefore permits the optimization of the Billings Bridge branch from a larger operating
volume, resulting in lower daily energy costs for the WPPs' pumping stations. The steeper
slope between 2.5% to 5.0% increase in pipe constraint provides the largest savings in
daily energy costs, but there are construction costs involved with increasing the treatment
capacity at Lemieux Island . Figure 5.38 presents the same data but highlights the impact
of the increased operating volume (in the boxes are the needed increases in pipe constraint
at the Lemieux Island WPP). Considering that there are large construction costs
associated with increasing the operating volume, especially in this branch where all
additional ML of operating volume implies construction, there is no clear economic benefit

i doing so (this will be discussed further in the next chapter).

d) Impact Of Increasing The Water Demand

Tables 5.38a and 5.38b show the opportunities for optimization (reservoir full at
night) for the Hurdman Bridge and Billings Bridge branches with increases in water
demand. The shaded rows are the ones where the calculated reservoir releases (last row)
are larger than the given operating volume (from RMOC data). As mentioned in the Glen
Cairn/Stittsville section on increasing water demand, as the amount of water required for
water consumption increases, there is less water available to fill a reservoir, limiting the
advantage of increasing the operating volume. For Hurdman Bridge branch, the potential
for full optimization stops after 5.0% increase in demand with the original operating
volume and the advantage of slightly increasing the operating volume is nil with increasing
demand. For Billings Bridge branch, the operating volume is so small that optimization
with the original operating volume is always achieved though not very efficiently.
Actually, an operating volume of 17.4402 ML would still provide full optimization with a

water demand increase of 50.0%, since water consumption is so low in this branch.

Figure 5.39 illustrates the impact of increasing water demand with an increase in

pipe constraint (treatment capacity) in the Carlington Heights branch for a typical summer
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day. This time the slopes of the functions, for 0.0% and 15.0% increase in pipe constraint,
are not parallel. The daily energy costs at the Lemieux Island WPP are lower with a 15.0%
higher treatment capacity (although construction costs are needed to provide a larger
treatment capacity). The difference between the original conditions (0.0% increase in pipe
constraint) and the higher treatment capacity is intensified as water demand increases
because, even at 0.0% water demand increase, full optimization cannot be performed
(reservoir cannot be filled at night). Therefore, with higher water demand, less optimized

solutions are obtained (higher energy costs).

Table 5.39 presents a simple water balance for a 25.0% increase in pipe constraint
and various increases in water demand. The shaded rows highlight the potential for
optimization with such a large increase in flow capacity. Water demand could be increased
by as much as 50.0% under such conditions. Again the last column indicated the maximum

reservoir releases compared to the actual 40.6 ML.

While no cost-benefit relationships are developed, because a thorough audit of the
Lemieux Island water purification plant is beyond the scope of this project, it is clear that
the slope of the daily energy costs function is not steep enough to provide a real advantage
in terms of covering construction costs in the long run. As for the Glen Caim/Stittsville
branch, the decrease in daily energy costs can serve to dampen the construction costs, but
other reasons must be stated to justify the cost (e.g. increasing water demand, safety
concerns, emergency needs, adequate fire protection, flow balancing and/or pressure

requirements),
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CHAPTER 6

DISCUSSION

The results clearly show that linear programming s a good programming option to
solve pump scheduling and reservoir releases problems. Also, the choice of Optimizer as a
solver of linear programming problems has the considerable advantage of being available
to any spreadsheet user. The most common spreadsheet software (Lotus 1-2-3, Excel,
Quattro Pro) have built-in LP solvers in their advanced mathematical features. Quattro
Pro’s Optimizer has user-friendly menus and options that minimize possible computer
programming mistakes. Thus the challenge resides in proper mathematical formmlation of
the problem, not in computer programming (as is often the case when designing
programming code in FORTRAN, C+, Pascal, etc.; these programming languages also

require compilers and basic programming knowledge which limits the number of users).

6.1 COMMENTS ON THE DATA USED

Pumping station data used in the model (or more correctly, in all the different
models) are taken from RMOC records. From conversations with the RMOC Operations'
Manager, pumps are assumed to discharge the rated capacity at the rated power
consumption, but it should be noted that this has been challenged by many researchers
(Jack et al,, 1991; Tarquin and Dowdy, 1989). A potentially large error can be introduced
at this stage from this assumption, but from RMOC's operators' knowledge, it is not the
case here. However, actual pump curves should be developed and efficiency measured and

compared with conditions assumed in this model. Even if it is labor and time consuming, it
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is essential to define 'real’ operating conditions of pumps in the network, incorporate them
in this model and analyze the results before real-time models can be developed. This holds
true for both individual pumps and pump combinations. As mentioned in Chapter 4, pipe
constraints are calculated from pipe sizes with an assumed average velocity of 1.5 ny/s, the
standard in municipal water distribution systems. The velocities could be measured for
greater accuracy but with only little impact on the solution. Allowing for greater velocities
would result in pressure problems and possibly backwater problems, therefore invalidating

the assumption that pumps in parallel produce a discharge which is the sum of individual

pump discharges.

Reservoir data are also taken from RMOC records. Fill/Empty pipe capacity is
calculated from pipe size. A slightly lower value than pipe capacity is assumed for the
fixed valve constraint to avoid overestimation of reservoir releases, because they are a
major component in the reduction of operating costs. In RMOC, only two reservoirs have
operating volumes much larger than 40.0% of their maximum reservoir storage capacity:
the Barrhaven reservoir (RBAR) and the Innes Road elevated tank. The safety coeflicients
(the remaining 60.0% stored in the reservoir) are large and might be overestimated.
Therefore, in light of historical data on emergency needs and flow balancing, it might be

appropriate to reevaluate these coefficients if optimization is to be prioritized.

Consumption data are actual values for January and July 1993 in RMOC's
database. The minor consumption zones are grouped with the major ones to respect the
network schematic (presented in Figure 3.1). The spreadsheet format is very useful in this
case since any water consumption data (e.g. #ypical day, maximum day, etc.) can be
entered. This study uses #ypical days in summer and winter because it is concerned with
day-to-day operations, not operations at maximum day for design of hydraulic systems,
For best estimations of year round operations, #ypical days from every month can be used.
The use of historical data becomes limiting whenever present day optimization is desired,
depending on the time it takes to compile water demand data for each zone. Robust

demand forecasting modules (e.g. based on time series analysis) are essential for real-time
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modelling.

Power consumption data introduces the largest error in the optimization especially
coupled with the rated discharge assumption. There are many power consumption factors:
for pumping, for treatment and for base load. The pumping power factor comes from the
rated power consumption of the motors running the individual pumps, again 'real’ curves
have to be developed to minimize the error. Treatment and base load (heating, lighting,
etc.) power factors are taken from the WPP's power consumption data. Detailed values
from 1986 were compared to less detailed values compiled up to 1990. Trends were
identified and values adjusted for 1992. Also, the base load power consumption (in
kW.h/day) is taken as the residual from total power consumed at the WPP minus pumping
and treatment power consumption (expressed in kW./ML). When the model is used for
comparison between model results the error introduced is minimized, but if calibration is
desirable, a complete analysis and update of power consumption data is required. Also, a
method for estimating the base load at the WPPs with greater accuracy needs to be
determined because it has a great impact on the compilation of energy costs, which can

measure the efficiency of a calibrated model when compared to WPPs' bills.

Simplification of the wa'er distribution system into a network schematic ('spatial
decomposition') is essential for the spreadsheet approach to be efficient. The same holds
true for 'time-axis' decomposition. Sophisticated models need extensive calibration and
testing and are necessary if real-time telecontrol is to be achieved. The literature review
shows clearly that it is not the case for pump scheduling and reservoir releases
optimization. Also, the use of two simple control intervals for Level I optimization
(solving for pumping times) and allowing for 'fine tuning' in light of operators' knowledge
during restriction periods for Level II optimization (creating a pump schedule), is a key
element in the simplification of the problem. Some researchers (Chase and Ormsbee,
1988) have used control intervals corresponding to peak, off-peak and restriction periods
throughout the day. This approach demands that an optimum 'tank trajectory' be

predetermined if a solution is to be found with limited computer facilities and time. The
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'tank trajectory’ determines the volume of water in the tank at different times of the
24-hour optimization period: thus, trial and error analyses have to be performed to find

these optimal reservoir releases for each tank in the system.

6.2 MINOR BRANCHES AND SUB-BRANCH

The results from Level I and II optimizations for the minor branches highlight the
fact that water distribution systems are designed for maximum day water consumption
which does not always allow for efficient optimization of day-to-day operations, especially
in the winter time (well below maximum design). Although the maxinum day water
distribution system design is essential to assure safety of supply to the consumers, greater
flexibility in pump operations is desirable for day-to-day operations. For the minor
branches (smaller pumping stations), there are no advantages in the electricity tariff
structure: the rates are the same for night and day and for summer and winter. But all
water pumped to those minor branches has to be first treated and then prvmped from the

major pumping stations at the WPPs. Therefore, there is an impact on the major branches'

electricity consumption.

Also, as seen from the analyses in the Carlington Heights branch, increasing the
operating volume of the different reservoirs in the system is not always the best way to
optimize the daily energy costs, especially in light of increasing demand. As a reminder,
efficient optimization is achieved when reservoirs can be filied to maximum capacity at
night and drawn to the minimum during the day. The largest operating volume that
permits this kind of operation is the optimum one in terms of daily energy costs. In
RMOC's distribution system, if construction costs are involved, the savings in energy costs
are not significant enough to justify the spending, Better water demand forecasting and the
development of actual pump efficiency curves (discharge and power consumption) are

strongly recommended for more efficient optimization. Each branch of the system has its
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own characteristics that have to be taken into account when developing long-term water

management plans.

6.2.1 Hurdman Bridge Branch

Results from Level I optimization for typical summer and winter days show that
the summer operating volume is a good size for optimization since the largest possible
flow is pumped for almost the entire duration of the control interval to fill the R1E
reservoir; while the winter operating volume is too large to be filled from the maximum
two-pump discharge. As mentioned before, this ‘effective’ reservoir groups three reservoir
facilities: one reservoir (Orléans), one storage tank (Montréal Road) and one elevated tank
(Innes Road). Although it is called a 'minor' branch, the water consumption is roughly
27% of the total for RMOC, while the 'major' Glen Cairn/Stittsville branch water demand
is about 23%. In the compilation of energy costs, the base load for the Hurdman Bridge
branch has to be assumed as the residval of [120 kW.WML minus pumping] since the
historical value of 65 kW.WML from RMOC records does not even cover pumping needs
(96.57 kW.W/ML) and is too large to be base load only.

The potential for optimized day-to-day operations is high under present conditions
and with an increase in treatment capacity at the Lemieux Island WPP, but the advantage
disappears slowly with increasing water demand (full optimization up to 5.0% increase in
water demand). With an approximate 15% increase in water demand, there is a loss of
roughly 5% in operating volume. The limitation is the pipe size constraint which is already
surpassed in actual operations (a 1219-mm pipe with a maximum target water velocity of
I.5 m/s permits a discharge of 151.3 ML/d; the actual operation permits up to 185.4
ML/d). All four pumps in the Hurdman Bridge pumping station have a flow capacity of
92.7 ML/d, therefore there is no flexibility to augment the two-pump capacity by an
amount smaller than another 92.7 ML/d. The pipe size might become a serious limitation

i the future and if so, the pipe should be replaced and smaller capacity pumps added for



greater flexibility in day-to-day operations in light of increasing demand.

6.2.2 Biliings Bridge Branch

The Billings Bridge branch is characterized by a small reservoir volume from one
elevated tank (Ottawa South or 'Alta Vista'). The operating volume is 1.1 ML in the
summer and 0.9 ML in the winter. The water consumption is not negligible: 12% of the
total for RMOC. The water consumption pattern and the fact that it does not take a lot of
time to fill the reservoir lead to better performances from models developed with different

duration of control intervals: 6-hour nights and 18-hour days instead of 8-hour/16-hour

intervals.

Results from Levels I and 11 optimizations for typical summer and winter days
show that the operating volume is insufficient to truly optimize the daily energy costs:
daytime pumping is very large compared to nighttime pumping. The large pipe size
permits flows up to 116.0 ML/d which comprises almost all possible pump combinations.
At first there seems to be a good range of pump capacities (from 19.6 ML/d to 113.8
ML/d) but in comparison to pumping needs from such small operating volume, there is no
real flexibility in the low range. This is particularly apparent during the winter night
control interval where the smallest pump provides too large a flow if used for the duration
of the control interval. Also, the lack of flexibility in operations from the sinall operating
volume yields pumping schedules that are unrealistic, i.e. summer day and winter day
control intervals both use three pumps at each hour! This highlights the flow balancing
effect of the reservoir operating volume: the flow continuity equation is much easier to
satisfy when the Gperating volume is sufficiently large. In the compilation of energy costs,
it is clear that the Billings Bridge pumping station is not as efficient as the Hurdman
Bridge pumping station, yielding a daily energy cost per unit water volume pumped of
$8.12/ML compared to $5.43/ML before base load and $10.51/ML compared to
$6.74/ML with the base load.



Increases in treatment capacity at the Lemieux Island WPP will allow for larger
flows to the distribution system and therefore permit additional potential storage volume
in the Billings Bridge branch. A simple water balancz is needed to determine the maximum
operating volume depending on the different increases in pipe constraint. For example, an
increase of 5.0% in pipe constraint would allow for an operating volume of 5.9801 ML
(filled during the 6-hour night control interval). This size of operating volume in the
Billings Bridge branch would permit savings in daily energy costs at the WPPs' pumping
stations of $70.79 during a summer day (extrapolating for the entire summer period of 183
days: $12 954.57; and assuming a conservative 60% of this value during the winter yields
savings of: $20 727.31 per year). Assuming 'daily’ construction costs of $23 per ML of
operating volume over 50 years' will yield $50 202.94 per year. Therefore. it is clear that
the savings in daily energy costs at the WPPs' pumping stations are not large enough to

justify the construction costs.

There are clearly other advantages (if not economic) to increase the operating
volume in the Billings Bridge branch. As discussed above, day-to-day operations would be
gieatly facilitated with a larger operating volume, especially with increasing water
demand. Pump scheduling and reservoir releases optimization opportunitics arc close to nil
under present conditions. As water demand increases, the present range of pump
capacities will be more appropriate but without any increase in reservoir storage volume,

day-to-day operations will continue to be complex.

6.2.3 Barrhaven Sub-Branch

The Barrhaven sub-branch is characterized by a pumping station supplying directly
the water demand without any flow balancing from a reservoir. Day-to-day operations are
complex. Water consumption is only 2% of the total for RMOC and water demand

patterns lead to better performances from models developed with different durations of

: as suggested by André Proulx, RMOC's Director, Water Division
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control interval: 6-hour nights and 18-hour days as for the Billings Bridge branch. Again
there is a good range of pump capacities (from 4.5 ML/d to 4.7 ML/d under the pipe size
constraint of 85.1 ML/d). That pipe constraint yields too many pump combinations with
large flow capacities compared to water demand. Therefore a 'large flow’ constraint is

introduced at 50.0 ML/d.

Results from Levels 1 and II optimizations for typical summer and winter days
show that, like for the Billings Bridge branch, the smallest pump provides too large a flow
if used for the duration of the control interval during the winter night and the same holds
true for summer night. Also, the lack of flexibility in operations due to the absence of a

reservoir yields complex pumping schedules i.e. summer day and winter day control

intervals both use two pumps at each hour. Under present conditions, there is no real
flexibility in the low range. With increasing water demand, this will become less of a

COncern,

6.3 MAJOR BRANCHES

As for the minor branches, it is clear that RMOC's water distribution system was
designed for maximum day water consumption to assure safety of supply to consumers.
For efficient optimization of day-to-day operations (especially in the winter time when
water cousumption is well below maximum design), greater flexibility in pump operations
is desirable. Ottawa Hydro's electricity billing structure offers great opportunities for
pump scheduling and reservoir releases optimization. The discount offered as an incentive
for Ottawa Hydro's 'peak shaving' under the 'restricted hours' schedule agreement
represents large savings for RMOC. But penalty is also large for using electricity during
the predetermined restricted hours: the demand penalty amounts to $13.43 per kW in
summer ($18.39 per kW in winter) and the consumption penalty amounts to $0.0384 per

KW.h in summer ($0.0440 per kW.h in winter). Avoidance of penalty charges is another
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incentive for pump scheduling and reservoir releases optimization. In the models. this is
built in the Level II optimization when creating the pump schedule. 'Fine tuning’, especially
to limit pumping during restricted hours to avoid penalty, requires operators' knowledge
and experience. Thu this aspect is not dealt with in depth at this point: the modclling
tools are designed but the results are not truly optimized. Other aspects of optimization,
namely better water demand forecasting with time series analyses and the development of

actual pump efficiency curves, are again strongly recommended for these branches,

6.3.1 Carlington Heights Branch

The Carlington Heights branch is characterized by its water supply to two minor
branches (Hurdman Bridge and Billings Bridge branches) and also to its own water
consumption zone (CIW, 36% of the total for RMOC). Also, the reservoir volume is
quite large (109.1 ML) of which only 40.6 ML is used in the day-to-day operations.
Another characteristic is the use of the 'effective’ LIIW+FSTW pumping station with a
three-pump scheme from FSIW pumps, which are turbine punmips run from the head
differential with the Ottawa River. One drawback from the use of the three-pump scheme
is the complex day-to-day operations in the winter time when water demand is lower, as
shown from results from Levels I and IT optimizations for the winter day contro} interval
(CH2W offline). The power consumption factors and discharges (U, and Q) used for the
‘effective’ pumping station are as follows: the power factor and discharge from LI1W
pumps are used for pumping and the treatment power factor and the total discharge for a
particular pump combination are used for treatment; the two are then added. For the

FSIW pumping station, oaly the treatment part is used.

Another peculiarity is the fact that the reservoir cannot be filled to its maximum
value on a typical summer day due to the limitation in treatment capacity at the Lemicux
Island WPP. The analyses performed in the preceding chapter tackle this aspect in depth

(no water is drawn from the RIW reservoir to the 2W zone). For full optimization under
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present conditions, an increase of 2.5% in treatment capacity is necessary. Because of the
power consumption factor and discharge associated with the new pump combinations that
can be introduced with increases in the treatment capacity, only increases of 2.5%, 5.0%
and 15.0% produce savings in the daily energy costs at the WPPs' pumping stations under
present water consumption conditions. Extrapolating for the entire summer period of 183
days and assuming a conservative 60% of this value during the winter, these respective
increases translate into yearly savings of $3 355.49, $17 222.50 and $26 135.33. There are
construction costs associated with increasing the treatment capacity at the Lemieux Island
WPP which are difficult to evaluate but, as for construction costs associated with
increasing reservoir storage, they are expected to far exceed the economic advantage of
the lower daily energy costs. Therefore, the lower energy costs would serve to dampen

construction costs and other factors would need to be identified to justify the costs,

With increasing water demand, the opportunity for optimization under present
treatment capacity will decrease, thus the energy costs function will have a steeper slope
than if treatment capacity was increased. For an increase of 15.0% in pipe constraint and
increases of 10.0%, 20.0% and 30.0% in water demand, we obtain yearly savings of
respectively $47 319.41, $73 507.44 and $99 092.30 compared with keeping the present
treatment capacity (method of extrapolation from a typical summer day to vearly savings
is mentioned previously). Also, a iarger treatment capacity would permit a larger operating

volume in the Billings Bridge branch.

6.3.2 Glen Cairn/Stittsville Branch

The Glen Caimn/Stittsville branch is characterized by its water supply to the
Barrhaven sub-branch and to its own water consumption zone (C2W, 23% of the total for
RMOC). This branch also operates two 'effective’ reservoirs; R2ZW (Glen Caim reservoir
and Stittsville elevated tank) and RBAR (one reservoir). In actual operations, water from

the RBAR reservoir is pumped to CBAR zone but in special cases, it can be supplied to
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the C2W zone. Another peculiarity is the fact that the CH2W pumping station makes a
link between the 1W zone and the 2W zone, permitting water to be pumped from all four

WPPs' pumping stations to C2ZW (and CBAR) if necessary.

Analyses to determine the 'real' cost of pumping water from the CH2ZW pumping
station demonstrate that the daily energy costs are lower with CH2W offfine both for
summer and winter (savings of $188.85 and $51.92 respectively). Thercfore, this pumping
station will keep its original purpose: emergency needs and pressure requirements. The
only pumping station supplying water to the distribution system is Britannia WPP's
BR2W. All possible pump combinations from BR2ZW can be used, there is no limitation
from pipe size and water velocity. Results from Levels I and II optimizations are not more
complex than with CH2W online, with no more than two pumps selected by the model for
each control interval. Also, this facilitates the filling of the RIW reservoir in the Carlington

Heights branch since no water can be drawn from the CH2W pumping station.

Two other analyses are performed in this branch: the impact of increasing the
operating volume and the impact of increasing the water demand. Results from the first
analysis show that the daily energy costs will decrease with an increase in operating
volume. For example, increases of 11.2426 ML and 22.4853 ML of operating volume will
translate into yearly savings in energy costs of $45 382.58 and $89 559.76 respectively
(year data obtained from extrapolation from a typical summer day times 183 days plus
from a typical winter day times 182 days). In terms of energy costs per unit operating
volume, the costs tend to level off near tne maximum increase of 28.1066 ML
(corresponding to the maximum pumping capacity of BR2ZW from a simple water
balance). The maximum benefits are in the first increase of 5 ML. For increases of up to
10 ML, it might be possible to increase the operating volume by lowering the safety
coefficient on the lowest possible volume that can remain in the reservoir. This should
only be done after studies are undertaken to evaluate the impact of doing so. The high
construction costs involved for an increase of operating volume of 15 ML and up cannot

be justified from the savings in energy costs. Again, if there is a need identified by factors
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other than cconomic, savings in energy costs will serve to dampen the high construction

Costs.

As water demand increases, daily energy costs will increase steadily but will be
lower for a larger operating volume. From simple water balances, it becomes obvious that
with an increase in water demand. there is less water available to fill a reservoir at night.
Therefore, when determining the size of operating volume of a reservoir for eptimization

of energy costs, care should be taken to evaluate the impact of increasing water demand.

Table 6.1 summarizes the potential energy savings at the WPPs as identified in the
discussion for different water management alternatives. These savings are calculated from
the impact of implementing the water management altemative (increasing operating

volumes, pipe constraints, and water demands) compared to present conditions.
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CHAPTER 7

CONCLUSIONS

The first objective of this study was to design a computer model to optimize punmyp
scheduling and reservoir releases for the Regional Municipality of Ottawa-Carleton's
(RMOC) water supply system. The mathematical formulation chosen was linear
programming (L.P). The model was developed successfully with the use of a Borlund's

Quattro Pro spreadsheet and its built-in LP solver called 'Optimizer'.

The results obtained for the minor branches and the sub-branch could not be
directly compared with hydro bills from the minor pumping stations to identify potential
savings from the improved pump scheduling and reservoir releases. Nevertheless they have
a direct impact on the energy costs in the major branches, where the water purification

plants are under Ottawa Hydro's restricted hours agreement.

From the compilation of energy costs at the WPPs for both summer and winter
typical days, it is clear that the results obtained are 'realistic' although the model has not
been calibrated. A major difference between actual and optimized operations is the fact
that the model output favors pumping water from LIIW+FSIW and FSIW pump
combinations and less from BRIW: hence the 'large’ savings at Britannia WPP and the
'large’ increase in cost at Lemieux lsland WPP. These differences highlight the need to
reexamine the treatment power consumption factor at Lemicux Island WPP, Also, since
the model favors those pump combinations, the Lemieux Island WPP treatment capacity

becomes even more of a limitation since it prevents the Carlington Heights reservoir to be

filled at night.
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Full optimization (reservoir full at night) is not possible for a typical summer day
and therefore will not be possible as water demand increases in the future. This gives an
example of how the development of an operations optimization model, zlthough from
historical data and not in real-time, can help to identify areas where operations could be

improved.

The second objective of this study was to analyze different water management
alternatives for RMOC's system. It is clear from those analyses that RMOC can optimize
pump scheduling and reservoir releases under present conditions, but full optimization will
not be possible with increasing water demand. Although far from compromising its
security of supply to the consumers, different water management alternatives have to be
studied in order to control future energy c¢osts. The altemnatives highlighted by this study
are; (i) increasing operating volumes in the Billings Bridge and the Glen Cairn/Stittsville
branches; (1i) increasing the treatment capacity at the Lemieux Island WPP; and (iii)
considering a larger pipe size and additional smaller pumps in the Hurdman Bridge branch.
All these alternatives involve construction except for slight increases in operating volume
that can be achieved by reevaluating safety coefficients on the minimum allowable
reservoir storage volume. The benefits of these altematives reside in the simpler and more

economical day-to-day operations,

The increase of Billings Bridge branch operating volume actually translates into
building new storage facilities since the only one present at the moment is an elevated
storage tank for pressure requirements. Although it would simplify day-to-day operations,
construction costs could not be justified from an economical view point. More data on
expected change in population and land uses for the near future in this water demand area

are needed to assess the need for additional storage.

The increase in operating volume in the Glen Caim/Stittsville branch is found to be
beneficial if it comes from lowering the minimum allowable water volume in the reservoir.

Again, a detailed study of historical data and operations of both the Glen Caim reservoir
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and the Stittsville elevated tank is needed before a decision is made to lower the safety

coefficient on the minimum water volume.

As discussed above. increasing the treatment capacity at the Lemicux island WPP
is the main area of improvement highlighted in this study. As for the Hurdman Bridge
branch, the pumping capacity is high but the pipe size is very limiting. As water demand

increases the possibility for full optimization will slowly decrease.

Population is expected to grow by 29% from 1991 to 2011 in Ottawa-Carleton
(RMOC. 1994), increasing the demands and stresses on our natural resources, Water has
always been considered as an endless renewable resource and therefore, is greatly
undervalued. As water quality deteriorates due to pollution, the treatment costs will rise.
As water demand increases due to the larger population and industrial development, the
operating costs and infrastructure costs will rise. Optimization of pump scheduling and
reservoir releases is an essential part of the global optimization of municipal water supply
which includes better demand forecasting, optimiza:ion of the water treatment process,
etc. It is not only time to optimize water supply costs but also to start managing demand.
RMOC has unemployment rates well below provincial and national rates and the
workforce is highly educated (in 1991, 23% of people over the age of 15 had a university
degree, ie. twice the national average; RMOC, 1994). These characteristics of the

population offer incredible advantages in terms of education and implementation of water

demand management programs.



CHAPTER 8

RECOMMENDATIONS FOR FUTURE RESEARCH

Detailed studies within RMOC are needed to reevaluate the treatment power
consumption factor for the Lemieux Island WPP and the minimum allowable water
volume for the different storage reservoirs in the network. Actual head/discharge and
power/discharge curves need to be developed for individual pumps and pump
combinations. Also, changes in population and land uses for the near future in the different
water demand zones should be carefully monitored and incorporated in the model to

assess thetr impact on the operations.

Thorough studies are needed to develop better demand forecasting modules
(possibly using time series analysis) and to optimize the water treatment process. Also,
water audits could be performed for large water users (industries, government buildings,
universities, apartment complexes, etc.) in order to identify areas where "Reduce, Reuse,

Recycle” could be implemented for water.

Ultimately, advances in affordable and reliable technology will permit the design of
a real-time operations model with a computerized control centre that would incorporate
real-time data obtained by telemetry. More complex mathematical formulation (less need
for simplification) and problem solving techniques could be used if the data collection was

dependable and extensive.
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Table 1.1 - Population and Area of RMOC's Municipalities and Sub-Areas (1991)

Municipality Population Area
{in 1000's) (ha)
Ottawa 313,94 11015
Vanier 18.15 243
Rockcliffe Park a1 P74
Cumberland 40.70 31369
Gloucester 101.08 20386
Goulbourn lo. 1o 27132
Kanata 37.34 13210
Nepean FO7.63 21702
Osgoode 13.98 37986
Rideau 11.78 40875
West Carleton 14.65 62347
Total RMQC 678.15 275698
Sub-Areas Area (ha)
Inside Greenbelt 19250
Kanata (West Urban Centre) 3425
Orléans (East Urban Centre) 4820
Stittsville 1215
Barrhaven (South Urban Centre) 350
Bilackburm Hamlet 240
Bell's Comers 390

{Source: RMOC, 1993)

Table 1.2 - Ottawa Hydro 1993 Electricity Rates Used in the Model

Summer (July) Winter (January)

Periods Hours  |Description| Unit Cost Hours | Description| Unit Cost
of the day {($/kW h) | of'the day (S/kW.h)

1 23to 7 Off-Peak 0.0237 23to 7 Off-Peak (.0345

2 Tto 10 Peak 0.0713 7109 Peak 0.0863

3 10to 16" | Restriction | 0.0713 | 9to11 |Restriction| 0.0863

4 16 to 23 Peak 0.0713 |1l to 16:30 Peak 0.0863

5 16:30 to 19| Restriction | 0.0863

6 1910 23 Peak 0.0863

- indicates possibility for penalty for July and January



Table 1.3 - Restricted Hours Schedule Throughout the Year

Period Time of Daily Restriction (EST)

From To From To From To
January 1 Jan. 31 - 9:00 11:00 30 16:30° 0 2 19:00
February 1 | Feb. 28 8:00 11:00 16:30 19.00

March | April 3 8:00 12:00 16:30 19:30

April 4 May 31 8:00 14:00 - -
June 1 | Sept.30 | 10:00. | 1600 . iloi.in
October 1 | Qct. 30 8:00 10:30 16:30 18:30
October 31| Dec. 31 8:00 12:00 16:30 18:30




Table 4.1 - Hurdman Bridge Branch Electrical Pump Combinations (HB 1E)

Electrical
m Pump Capacity Qm Consumpt. Um
Code (ML/d) (ML/h) (kW)  kW.h/ML)
1 E.D 92.7 | 3.8625 - 373 96.57
2 EEED.DD| 1854 | 7.7250 ' 746 96.57

Table 4.2 - Hurdman Bridge Branch Reservoir Operations Characteristics (RIE)

Total Operating | Remaining | FillVEmpty Fixed Fixed
Season Volume Volume Volume Pipe Valve Valve

[Max] [Min} Capacity | Constraint | Constraimt

(ML) (ML) (ML) (ML/d) {ML/d) (ML/M)
Summer |..i89.7 © 8 S51900 1 206.0 200.0 8.3333
Winter 206.0 200.0 8.3333

Table 4.3 - Billings Bridge Branch Electrical Pump Combinations (BB2C)

Electrical

m Pump Capacity Consumpt. Um

Code (ML/d) (kW) | (kW.W/ML)
1 S 19.6 131 160,41
2 B 37.3 224 14413
3 SS 39.2 262 | 16041
4 SB 56.9 355 | 14974
5 BB 74.6 448 | 14413
6 SSB 76.5 486  |.152.47
7 SBB 94.2 579 | 14752
8 BBB 111.9 672 114413
9 SSBB 113.8 710 | 149.74
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Table 4.4 - Billings Bridge Branch Reservoir Operations Characteristics (R2C)

Total Operating | Remaining | FillEmpty Fixed Fixed
Season Volume Volume Volume Pipe Valve Valve
[Max} [Min] Capacity | Constraint | Constraint
(ML {ML) (ML) (ML/d) (ML/d) {ML/h)
Summer [ .34 4] 37.9 37.0
Winter 3 0. 37.9 37.0

Table 4.5a - Carlington Heights Branch Britannia 1W Pumps (BRIW)

Electrical Diesel | Optimizat.
Pumps Speed Capacity Head Consumpt. | Consumpt. |Pump Code
(rpm) (ML/d) (m) | (HP-kW) | (HP - kW)
PD-1 900 |7:955: 65.5  |1575-11751 1575-1175 B
PE-3 900 63.5 n/a E
PE-5 1175 65.5 n/a S
PD/PE-7 890 65.5 | 900 - 672 D
Table 4.5b - Carlington Heights Branch Lemieux Island 1W Pumps (LII1W)
Electrical Diesel | Optimizat.
Pumps Speed Capacity Head Consumpt. | Consumpt. | Pump Code
(rpm) (ML/d) (m) | (HP-kW) | (HP - kW)
E-1 720 L 64.0 150041 | n/a B
E/D-2 880 64.0 1 1500-1121 B
E-3 900 64.0 n/a E
E-4 900 64.0 n/a E
Table 4.5¢ - Carlington Heights Branch Fleet Street 1W Pumps (FS1W)
Electrical Diesel | Optimizat.
Pumps Speed Capacity Head | Consumpt. | Consumpt. |Pump Code
(rpm) (ML/d) (m) _ | (HP-kW) | (HP - kW)
T-1 constant 55.5 76 n/a B
T-2 constant 59.7 n/a S
T-3 constant 59.7 n/a S
T-4 constant 59.7 n/a S
T-5 constant 55.5 n/a B




Table 4.6 - Carlington Heights Branch Electrical Pump Combinations

(BRIW, LI1W, FS1W)

AS

Electrical
Pumping m Pump Capacity Consumpt. Um
Station Code (ML/d) (kW)  |[(kW.W/ML)
1 E 63.6 597 22528
2 S 31.8 336 253.58
3 D 63.6 671 | 253.21
BR1W 4 ES 95.4 933 234.72
5 ED 127.2 1268 |- 239.25
6 SD 95.4 1007 | 253.33
7 ESD 159.0 1604 | 242.11
8 BBS-E 276.0 709 17912
9 BSS-B 267.4 1119 1197.33
10 BSS-E 226.3 709 - 179.12
LIIW+FSIW 11 SSS-B 217.7 1119 | 19733
12 SSS-E 176.6 709 179.12
13 SSS-EE | 2716 1418 | 179.12
14 BSSS-E 253.5 709 179.12
15 BBS 181.0 0 0.00
16 BSS 131.3 0 - 0.00
FS1W 17 SSS 81.6 0 0,00
18 BBSS 208.2 0 0,00
19 BSSS 158.5 0 0.00
20 BBSSS 235.4 0 0.00

Table 4.7 - Carlington Heights Branch Reservoir Operations Characteristics (R1W)

Total Operating | Remaining | FilVEmpty |  Fixed Fixed
Season | Volume | Volume | Voiume Pipe Valve Valve

[Max] [Min] Capacity | Constraint | Constraint

(ML) (ML) ML) | oMUy | vvay | ovom)
Summer £68:57:::1151.3/189.2|  150.0 | 6:2500
Winter 151.3/189.2] 150.0 | 6.2500°




Table 4.8a - Glen Cairn/Stittsville Branch Britannia 2W Pumps (BR2W)

Ab

Electrical Diesel | Optimizat.
Pumps Speed Capacity Head Consumpt. | Consumpt. |Pump Code
(rpm) {ML/d) (m) (HP - kW)
PD-2 900 | 90.0 ] 78.0 5.11750-1305 D
PE-4 900 9007 0| 78.0 | pa E
PE-6 1200 | 4507 78.0 60 | n/a S
PD/PE-8 892 09700 8LO 9| 1500-1121 B

Table 4.8b - Glen Caimn/Stittsville Branch Carlington Heights 2W Pumps (CH2W)

Electrical Diesel | Optimizat,
Pumps Speed Capacity Head Consumpt. | Consumpt. {Pump Code
(rpm) (m) | (HP-kW) | (HP - kW)
PE-1 constant 43.0 n/a S
PE-2 constant 43.0 - n/a S
PDD-3 constant 43.0 264 - 197 B
PE-4 constant 43.0  11200-149: | wa B

Table 4.9 - Glen Caimn/Stittsville Branch Electrical Pump Combinations (BR2W, CH2W)

Electrical
Pumping m Pump Capacity Qm Consumpt. Um
Station Code (ML/d) (ML/h) (kW) | (kW.h/ML)
1 E 90.0 1007 8
2 S 45.0 560
3 B 97.0 1119
BR2ZW 4 ES 135.0 1567
5 EB 187.0 2126
6 SB 142.0 1679
7 ESB 232.0 2686
8 S 16.4 93
CH2w 9 B 25.2 149
10 SS 32.8 186




Table 4.10 - Barrhaven Sub-Branch Pumps (BHPS)

A7

Electrical Diesel | Optimizat.
Pumps Speed Capacity Head Consumpt. | Consumpt. |Pump Code
(rpm) (m) (HP - kW) | (HP - kW)
PED-1 | variable 55.0 | 125-93 | ? D
PED-2 | variable 380  [.350-261 | 361-270 B
P-3 variable 380 1.200-149. n/a E
P-4 variable 380 | 200-149 | wa E
PE-5 constant 305 | 40-30. n/a S
Table 4.11 - Barthaven Sub-Branch Electrical Pump Combinations (BHPS)
Electrical
Pumping m Pump Capacity Consumpt. Um
Station Code (ML/d) (kW)  [(kW./ML)
1 D 11.0 93 .202.91
2 B 34.6 261 181.04
3 E 17.3 149 120671
4 S 4.5 30 160.00
5 DB 45.6 354 186,32
6 DE 28.3 242 | 120523 .
BHPS 7 DS 15.5 123 |, 190.45
8 BS 39.1 291 | 178.62
9 ES 21.8 179 197.06
10 EE 34.6 298 206,71
11 DES 32.8 272 | 199,02
12 DEE 45.6 391 -205.79-
13 EES 39.1 328 20133
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Table 4.12a - Glen Caimn/Stittsville Branch Reservoir Operations Characteristics (R2W)

Total Operating | Remaining | FilEmpty Fixed Fixed
Season Volume Volume Volume Pipe Valve Valve

[Max] [Min} Capacity | Constraint | Constraint

(ML) (ML) (ivil) (ML/d) (ML/d) (ML/h)
Summer | 387 | 149 | 238 [ 1681 165.0° | 638750
Winter 387 o146 | 241 1681 165.0 | 6.8750

Table 4.12b - Barrhaven Sub-Branch Reserveir Operations Characteristics (RBAR)

Total Operating | Remaining | Fil/Empty Fixed Fixed
Scason Volume Volume Volume Pipe Valve Valve
[Max] [Min) Capacity | Constraint | Constraint
(ML) (ML) (ML) (ML/d) (ML/d)
Summer | 1950} 127 68 59.1 58.0
Winter | 19.5 {70270 59.1 58.0
Table 4.13 - Electricity Rates: Step Functions for Peak Usage
Ottawa Hydro City of Nepean
"G.S. Tirae-Of-Use" "General Service"
All year Summer Winter Summer and Winter Summer and Winter
Blocks | Unit Cost | Unit Cost | Blocks | Unit Cost | Blocks | Unit Cost
(kW.h) (3/kW.h) | ($/kW.h) (kW.h) ($/kW.h) (kW.h) | ($/kW.h)
250 0.1040 0.1261 250 0.0803 250 0.102
6625 0.1019 0.1256 12250 0.0765 12250 0.0749
1184000 0.0713 0.0863 1983900 0.0562 2129000 0.0554
All addn 0.0406 0.0469 All addn 0.0358 All addn 0.0358




A9

Table 4.14 - Example of Hourly Coefficients for Selected Pump Combinations

Hour of BR2W BR2W Constraints

the day X1 (E) X5 (EB) | Sum(X)=1 |XQ-Vk>=0
23:00 | ] noooo | 10000 | 3.5938
24:00 : 1.0000 1.7037
1.00 1.0000 2.4583
2:00 1.0000 2.8066
3:00 1.0000 2.9183
4:00 1.0000 3.0262
5:00 1.0000 5.7300
6:00 1.0000 5.3633

Total = F(X)= - 0.0001
Check: Yes

(Glen Cairm/Stittsville Branch for a Typical Summer Night)

Table 4.15 - Example of Hourly Water Balance or Pump Schedule
(Glen Caim/Stittsville Branch for a Typical Summer Night)

Hour during] Water Water Water Water Water | Flow Rate
control Pumped | Pumped |Consumpt.|Consumpt. | into both | into both
interval BR2W CH2W C2w CBAR | Reservoirs | Reservoirs

XQML) | XQML) { VK(ML) | Vk(ML) | (ML) (ML/d)
: . so1 3.8513 0.3467 3.5938 - 86.3
3.2208 0.2458 1.7037 40.9
2.5467 0.1654 2,4583 59.0
2.2258 0.1379 2.8066 67.4
2.1204 0.1317 2.9183 70.0
2.0158 0.1283 3.0262 126
1.9333 0.1283 5.7300 137.5
2.2588 0.1696 5.3633 128.7
20,1729 |- 1.4538 - | - 27.6002
21:120.1729:- {14538 | 27.6001




Table 5.1 - Hurdman Bridge Pump Schedule for a Typical Summer Night

Hour during Water Water Water [ Flow Rate
control Pumps Pumped | Consumpt. to fill into
interval Required Reservoir | Reservoir

XQML) | Vk(ML) | (ML)
23 2pumps | 7.7250 | 4.5342 3.1908
24 2pumps |- 7.7250 | 3.6329 4.0921
1 2 pumps | 7.7250. .| 2.6733 5.0517
2 2 pumps | 7.7250: 7 2.3038 5.4213
3 2pumps {77250 2.1413 5.5838
4 2 pumps |- 7.7250° | 2.1913 5.5338
5 2pumps | 7.7250:°{ 2.1917 5.5333
6 2then 1 | 61346 | 2.7413 3.3933
Total = | 60.2006 ] 22.4096 | 37.8000
Check: | 60.2096 ] 224096 | 37.8000

Table 5.2 - Hurdman Bridge Pump Schedule for a Typical Summer Day

AlO

riour during Water Water Water Flow Rate
control Pumps Pumped | Consumpt. from from
interval Required Reservoir | Reservoir
XQML) | Vk(ML) | (ML)
7 lpump [::3.8625 | 4.1413 0.2788
8 lpump {3.8625. | 5.1408 1.2783
9 1 pump 5.4629 1.6004
10 6.1500 6.1500
il 6.4796 6.4796 RESTRICTION
12 5.9517 5.9517 PERIOD
13 I pump* 5.5429 1.8184 @ WPPs
14 I pump 5.1854 1.3229
15 1 pump 5.0379 1.1754
16 1 pump 4.9383 1.0758
17 | pump 5.0625 1.2000
18 1 pump 5.4746 1.6121
19 1 pump 5.8875 2.0250
20 I pump 5.9954 2.1329
21 I pump 2.1363
22 | pump 1.5625
Total =
Check:




Table 5.3 - Hurdman Bridge Pump Schedule for a Typical Winter Night

Hour during Water Water Water Flow Rate
control Pumps Pumped | Consumpt. to fill into
nterval | Required Reservoir | Reservoir

XQML) | VK(ML) | (ML) | (ML/day)

23 2pumps | 7.7250. | 3.6775 4.0475 97.1
24 2pumps | 7.7250. | 3.0100 | 4.7150 113.2
1 2 pumps | 77250 | 2.5467 5.1783 124.3
2 2 pumps |[..7.7250 | 2.2854 5.4396 130.6
3 2pumps |.7.7250. | 2.1054 5.6196 134.9
4 2pumps | 7.7250 | 2.1092 5.6158 134:8
5 2pumps | 77250 | 22217 5.5033 132.1
6 2 pumps | 77250 | 2.4596 52654 | 126.4

Total= | -61.8000 | 204154 | 41.3846

Check: | .61.8000 | 20.4154- | 41.3846

Table 5.4 - Hurdman Bridge Pump Schedule for a Typical Winter Day

Atl

RESTRICTION
PERIOD

RESTRICTION
PERIOD
@ WPPs

Hour during Water Water Water | Flow Rate
control Pumps Pumped | Consumpt. from from
interval | Required Reservoir | Reservoir

XQML) | Vk(ML) | (ML) | (ML/day)

7 -.0.0000.:1  3.6279 3.6279 | 87.1
8 Lpump | 3:8625 | 4.5296 0.6671 16.0
9 10.0000 .. .| 43279 4.3279 1103.9
10 £70.0000 | 4.5250 4.5250 108.6
11 o 4.6017 4.6017 110.4
12 1 pump 4.6046 0.7421 | 17.8
13 1 pump 4.3725 0.5100 122
14 1 pump 4.1704 0.3079 7.4
15 3.9504 3.9504 . 94.8
16 3.9892 3.9892 95.7
17 4.1204 4.1204 | 98.9
18 4.4183 4.4183 106.0
19 1 pump* 4.6404 4.2479 102.0
20 1 pump 4.5817 0.7192 17.3
2] 1 pump | 625+ | 4.2942 0.4317 10.4
22 lpump | 3.8625 .| 4.0604 | 0.1979 4.7

Total= |.27.4300 | '68.8146 | 41.3846

Check: |.27.4300 | '68.8146 | 41.3846 "




Table 5.5a - Billings Bridge Pump Schedule for a Typical Summer Night

Hour during Water Water Water | Flow Rate
control Pumps Pumped | Consumpt. into into
interval | Required Reservoir | Reservoir

XQ(ML) | Vk(ML) | (ML) | (ML/day)

] Bthen§ | 1.4067 | 1.2908 0.1158 } 2.8
2 Bthen S | 14067 | 13121 | 00946 | 23 .
3 B then S 4067 1.1283 0.2783
4 B then S .4067 1.1479 0.2588
5 B then S 14067 1.2300 | 0.1767
6 Bthen § | 1.4067 1.2308 0.1758 |

Total = | 8.4400 | 73400 [ 1.1000

Check: 8.4400 | .7.3400. | 1,1000

Table 5.5b - Billings Bridge Hourly Coefficients for a Typical Summer Night

Hour of Constraints
theday | X2(B) X1(S) |Sum(X)=1|XQ-Vk>=0
1:00 [ 0.8000[- 02000 | 1.0000 0.1158
2:00 | 0.8000 | 0,20 1.0000 0.0946
3:00 2:0.8000 - - 1.0000 0.2783
4:00 0.8000 1.0000 0.2588
5:00 0.8000 1.0000 | 0.1767
6:00 0.8000 1.0000 0.1758
Total= | 4.8000 1.2000 F(X)= :0.0001

Check: 4.8000 1.2000 Yes

Al2



Table 5.6a - Billings Bridge Pump Schedule for a Typical Summer Day

Hour during Water Water Water | Flow Rate
control Pumps Pumped | Consumpt. from from
interval | Required Reservoir | Reservoir

XQ(ML) | VK(ML) | (ML) | (ML/day)
7 1.9492 1.9492 0.0000 0.0
8 ALL 2.4658 2.4658 0.0000 0.0
9 2.7317 2.7317 0.0000 0.0
10 .68 2.9825 0.3003 7.2
11 3.1454 0.4632 111
12 682 2.8317 0.1494 3.6
i3 PUMPS | 2.6537 2.6538 0.0000 0.0
14 2.5383 0.0000 0.0
15 2.5104 0.0000 0.0
16 2.3771 0.0009 | 0.0
17 2.5354 0.0000 | 0.0
18 AT 2.6758 0.0000 0.0
19 EACH 2.7504 0.0677 1.6
20 HOUR 2.7554 | 0.0727 L7
21 2.6600 0.0116 0.3
22 2.5358 0.0353 0.8
23 | 21175 0.0000 0.0
24 | 18742 0.0000 0.0
Total = 46.0904 [ 1:1000: .
Check: B 711000

RESTRICTION
PERIOD
@ WPPs




Table 5.6b - Billings Bridge Hourly Coefficients for a Typical Summer Day

Al4

Hour of Constraints

the day {X8(BBB)| X5(BB) | X2(B) [Sum(X)<=1/XQ-Vk<=0

7:00 0.0487 0.3115 | 04852 | 0.8454 | -0.0000

8:00 0.1647 0.3037 | 04852 | 0.9536 -0.0000

9:00 0.2309 0.2958 | 04734 | 1.0000 | -0.0000

10:00 0.2111 | 0.3037.} 04852 | 1.0000 | -0.3003

11:00 02111 |{: 03037 | .0.4852 | 1.0000 | -0.4632 [rEsTRICTION
12:00 | 02111 | 03037 | 0.4852 | 1.0000 | -0.1494 | perioD
13:00 0.2050 | 03037 | 0.4852 | 0.9939 | -0.0000 @ WPPs
14:00 0.1802 | 0.3037 0.4852 | 0.9692 0.0000

15:00 0.1742 | 03037 | 04852 | 0.9632 | 0.0000

16:00 0.1456 | 03037 | 04852 | 0.9346 | -0.0000

17:00 0.1796 | 0.3037 | 0.4852 /| 0.9685 0.0000

18:00 0.2097 | 0.3037 | 04852 | 0.9987 0.0000

19:00 | 02112 0.3037 | 04852 | 1.0000 | -0.0677

20:00 [ 02112 | 03037 | 04852 | 10000 | -0.0727

21:00 | 02038 0.3037 | 04852 | 09927 | -0.0116

22:00 0.1721 | 0.3037 | 04852 | 09610 | -0.0353

23:00 0.0900 0.3037 | 0.4852' 7| 0.878¢ | -0.0000

24:00 0.0378 0.3037 | 0.4852 .| 0.8267 -0.0000

Total = 3.0978 5.4662 8.7225 F(X)= 00001

Check: 3.0978 5.4662 8.7225 Yes

Table 5.7 - Billings Bridge Pump Schedule for a Typical Winter Night

Hour during Water Water Water | Flow Rate
control Pumps Pumped | Consumpt. into into
interval | Required Reservoir | Reservoir

VE(ML) | (ML) | (Ml/day)
1 S 0.6604 0.1563 3.8t
2 S 0.6504 0.1663
3 S 0.5188 0.2979
4 S 0.6008 0.2158
5 S 0.5308 0.2858
6 S 0.7658 0.0508
Total = 172

Check:

3271

172




Table 5.8a - Billings Bridge Pump Schedule for a Typical Winter Day

AlS

RESTRICTION
PERIOD
@ WP

RESTRICTION
PERIOD
@ WPPy

Hour during Water Water Water | Flow Rate
control Pumps Pumped | Consumpt. from from
interval | Required Reservoir | Reservoir

XQ(ML) | VK(ML) {ML) (ML/dav)}
7 1.4775 1.4775 0.0000 0.0
8 ALL 2.0700 2.0700 0.0000 0.0
9 2.14%6 2.1496 0.00600 0.0
10 2.1275 2.1275 0.0000 0.0
11 1.5542 2.2517 0.6975 16.7
12 T™O 2.1142 2.1142 0.0000 0.0
13 PUMPS 2.1250 2.1250 0.0000 0.0
14 1.8463 1.8465 0.0000 0.0
15 1.8421 1.8421 0.0000 0.0
16 1.5544 1.5854 0.0311 0.7
17 1.8964 1.9125 0.0161 0.4
13 AT 1.8623 1.9233 0.0311 0.7
19 EACH 2.0352 2.0663 0.0311 0.7
20 HOUR '1.9977 2.0288 0.0311 0.7
21 1.7444 1.7754 0.0311 0.7
22 l.6614 1.6925 0.0311 0.7
23 1.3958 1.3958 0.0000 0.0
24 1.1388 1.1388 0.0000 0.0
Total = 32.6226 33.5225 0.9000
Check: 32.6225 33.5225 0.9000




Al6

Table 5.8b - Billings Bridge Hourly Coefficients for a Typical Winter Day

RESTRICTION
PERIOD

RESTRICTION
PERIOD
@ WPPs

Hour of Constraints
the day X5 (BB) Sum(X)<=1]| XQ-Vk<=0
7-00 100000, f7 0. 0.9507 -0.0000
8:00 |03319 1.0000 0.0000
9:00 1.0000 0.0000
10:00 1.0000 -0.0000
11:00 1.0000 -0.6975
12:00 1.0000 0.0000
13:00 1.0000 0.0000
14:00 1.0000 0.0000
15:00 1.0000 0.0000
16:00 ! 00001} 10999 1.0000 -0.0311
17:00 1.0000 -0.0161
18:00 1.0000 -0.0311
19:00 1.0000 -0.0311
20:00 1.0000 -0.0311
21:00 1.0000 -0.0311
22:00 1.0000 -0.0311
23:00 0.8558 0.0000
24:00 ; 0.732; 0.7327 0.0000
Total = 3.4512 14.0880 F(X)= :00001
Check; 3.4512 14.0880




Al7

960209 LEY: 00006V 19990
00003 960709 : .,_H.. 0000SHT ] =1810L
0000°0 obE1L’9 L90V'1 STI'8 9
000070 05TL’L L0V’ . <
00000 0STL'L L90F'1 ¥
0000°0 0STLL L90V’1 £
0000°0 0STL’L LO0OF'] C
00000 0SZL°L L9001 1
0000°0 05CLL chL8'1 | 4
€Z09°C 0089°¢ 0000°0 06l L CLITT }SC £C
(Fep/) | (TN | (TD A | (T OX | (T OX | (T OX | (TN OX
IOAISSOY] | HOAIOSOY MID MZ 01 g1 01 Iz 01 [eAISIM
o o1m ydmnsuo) | padming padmng padmng padumg 10130
218y MO[ 21 1918 M 0IEM I RESLYTY 1M |Suunp inopy

WIBIN Jounung jeordA] e a0j sppatos dung siySiey uoiswpe) - 6°¢ 21qe],




AlS

00D

00 L0108 351 =]E10],
L99¢’1 GT9%'E §005°C 7T
£LT08°C 8£9¢£'9 L99€E’1 €798'°¢ ¥8+9°C 12
$066°C 1L1€°9 L99€'T €798'¢ L789°C 0T
[A%) 43 67L9°9 L99€E'1 798¢ LT89°C 61
6¥16'C £8¥v9 L99€’1 G798t 65L9°C 81
LOT8'C 9¥8+°9 L99€T €798t §eeeT L1
§£69°T 8¢€8Y°9 L99¢°1 798¢ 1LLET 91
0LEL'T 86y 9 L99ET 798¢ §018°C Gl
9¢LT'E 96’9 L99€’1 €798°¢ P8ECT ¥l
sddm ® Lye’E 80v0°L L99€°] SYTLE LESO'T £l
aordad I¥9¢°0 8ESL'L L99ET ¢000°0 789°C (4
NOILLORLLISTY LBET'T T4 L99E’] 0000°0 7789°C I
¥LESD 1LT6°L L99E°T 00000 77897 01
$99p°¢C 6’9 L99¢€°T €798°¢ LIEL'T 6
G 012L'T 9¥oy'9 L99¢°1 €C98°¢ 8§9V°C 3
GRG0 ECSB0 GCII’S L99€71 6798t 76161 L

ep/ i) | (T | (D YA | (T OX | (DA) OX | (TW) OX
IOAISSSY | moarssay MID MZ 0 1 0 37 01 [earaim
woy moy ‘idumsuoy | padung padmmng padmng padmng [013U0D
2By MOL] REYLFTY I3epA M oM oM Isjepy  |Suunp oy

Ae(q Jowmng jeordK] e 10y ampatos dung s1gSol] woidurie)) - 81 S[qeL




Al9

SO 0000791 87H8'6 SEET)

0000 =(X)d | 000091 8THL'6 =[B10],

8LYT T- 00001 |::0000°T: i} 7519:0: 00:T2Z

L708°C- 0000'T 00:1Z

+066°T- 0000'1 00:02

o1 '¢- 0000'T 00:61

6¥16°C- 00001 0081

LOIST- | 00001 00:L1
$E69°T- 0000'1 00:91

0LEL'T- 0000'1 0051

9¢€L7'¢" 00001 001

aordad) ZipgE- 0000'T 00:€T
NOLLOIUST  1H9€°0~ 0000°T 00:Z1
L8ET T~ 0000'T 0011

pLES 0" 0000°1 00:01

994" ¢~ 0000'T Dol . 006

01ZL'T- 0000°1 008

£768°0- 0000'T 000 ; 00:L
0=>ALAL | TI=>(X) [(sssamozx| @ IX Aep ot
sjurensuo) MIST Mg Jo oy

Ae(q Ioumumg esrdA ], e 107 sjusionjeo)) Apnoy s1SieH noiSupe)) - qo1°S I[qelL




A20

21999
£80F¢¢ EETHIE: 107 % = [B]O],
NOIR, VIL'E L9180 9
+06LY 174 A L9180 ¢
806 ¥ 86LT'E L9180 12
£819% £865°€ L9180 £
88T 6L8L'E L918°0 r4
96L0° TLELY L9180 I
R0PE'E 8ESS ¥ 88€1°1 v
059 ] sLoLT 006 856¢'1 €T
(Aep/TA) | (TAD (TN A (TIN) OX
JIOAISSIY TIOAIASDY MID a7 0} E?-oﬁﬁ
ol o dmmsuon padmng padmng 101U0D
airy BOE I31BM 1218 A I2JEMA 91 M wﬁfzﬁ uﬂo:

WSIN 193U [eo1dA], e 10] anpatpy dung s1yStel woiuiie) - 11°¢ 9[qe.,




A2l

sddm ©
aorgiad
NOILONLLSAH

JqOdad
NOILLOIE1SHd

L L8OVIEC| bOTY 88 | LO9RTIT ({1 00EYILT | -0880:0€: | ¥96EFET:| 9RO
CLBOVEE- | POTY'8S o} L998°1T | 00EPLT | 0880°0L ) ¥96EFEl | =I®I0OL
0LL $60T'€ 8€66'Y L99E'T GT98'E +199°1 0SL98 4
0L 1€£29°€ 9FTES L99€'T ¢798°¢ PPPL T i 0SLS 1T
$908°C 6L8€°S L99¢€°'1 €798°¢ LL6G'T 0T
STV0 850€°S L99E'T §Z6€°0 76€0°C 61
£6£0°0 EIIF'S L99E'T 000070 £768'1 81
£CEE0 8050°S L99€"1 00000 ¥068°1 LT
€9cT'l 6L55°S L99€’] 00000 PPes'T 91
L969°0 LI9V°S L99€°T 0000°0 1Z48°1 Gl
6LTTE 8098°¢ L99€°1 $798'¢ €081 121
£9LT°€ vOEL'S L99ET $798°¢ 0STI'T €1
L98S'E L1509 L99€°1 $798°¢E 4 a0 Al
1018°1 7616°S L99€"1 0000°0 ZHSs1 1
80L6'1 OFIL’S L99E'T 0000°0 SLTIT 01
LYET'E ¥SH09 L99E’1 0000°0 96+1'C 6
wiT'e €E€TL'S L99€'1 6798°¢ 00L0°C 8
S RT0 9111 £9.8'V L99€'] 00000 SLLY'T m L
(Aep/TN) | (TND) (T IA | (T OX | (TW) OX | (T OX | (TIN) OX
.u_c.?ﬁmoﬁ hoaumodm E:U _.SNEO 0] HT1 03 g YA EEOHE
mwo.g wmoy dumsuoyy | padwung padung padumng padung [onun0o
1Y Bo_m BTN 1218 A 131 M I21EMA J2JeM IIB AN wﬂuzv uﬁam

Aeq 1avmp 1eord£, e 10F spnparog dmng siqSiey uojSurie)) - 871 °s s[qel




A22

TILL'S 8T6£T . CILL'O 0£01°¢ 3D

00 - =(X)d TILL'S 876€°T ' SILLO 0£01°E =[eI0L

¥607 €~ 0000°1 0000:C 000070 0000 00:22

1€29°¢- 0000'1 00:12

+908°Z- 0000°1 00:02

8T 0- 0000°1 00:61

SdM @ £6£0°0- 0000°1 00:8T1
aonyad €6EE°0- 0000°1 00:L1
NOLLOTRLISEE|  $9¢7 ]~ 0000'1 00:91
L9690~ 0000'T 00:6T

6LT1'€- 0000°1 00:%1

€9L7°¢- 0000°1 00:¢1

L986 ¢~ 0000'1 00:21

10IS°1- 00001 00:11

QORyAd 80L6°1- 0000'1 00:01
NOLLORILSHY| /pET ¢- 0000'1 00:6
iz e- 0000'T [ 000 00'8

9111~ 0000'1 | 0000 00001 0000:C 00°0. 00000 00:L

0=>ALAd | T=>(X) {(sssamorx| (sSSeix | (Ssaasix | SSDoIX | (SdasTX Aep a3
SUIR1iSuo0) MISH MISI MISd MISI MISH Jo inoy

Ae(q 11U [eordA ], € 10§ SJUSIOM0)) ALmoY SIS ueiBumIe)) - 471 s S[qeL




BEEL R
= [BI0],
Y
CEEG'L ¢
8510°C 14
POTI'C £
8¢CTC C
LoPe'C 1
807C't e
} £168°E £C
(p/TIN) (TN JA
SIOAISSIY | SHNOAIRSIY | YVHD MO MTHD Mg [eAlll
moq o | yioq oym | ydwmsuoy | ydmnsuoy | padmng padung [onuod
218y MO[] REILITY I M IOIEM FESTYTY Iep  |Suump inopy

WBIN 1ommang [eoldA |, € 10] spnpatjog dung S[IASNIG/UNE) WD) - BE] G QBT




A24

SaA 1LSLV 6ThT'E o2
1000°0 = (X} 1LSLY 6THTE =[e10],
£€9€°C 0000'T 006012 009
00EL'S 0000'1 00:S
7920°€ 0000'T 00:¥
€816C 00001 00:€
9908°C 0000°1 00:Z
€85H'T 0000°T 00'1
LEOL'T 00001 T 00:52
8E65°C 00001 -0000°1 2| 0000 00:€Z
0=<JA-OX 1=(X)mnS| (gd)sX | () 1X Aep oty

muﬁmbmﬁoU MTId Mdg mo INoOH

WSIN Jommung jeordA 1 e 10§ sjusloga0) ALNOH S[ASHIS/WIED US[D - 41 'S Q8L




sddm @
aondiad
NOLLOIILISTY

~1009°LT -} No3yD
ST009°LT | =[Bl0],
L8LL'T .
1667°C 6¥S0 9rEe b 12
6vTET £€E5°0 £9.L6'F 0z
62817 6L67 0 3698 6l
r008°1 £ESF0 LIS 81
cles’l £16£°0 or8ey Ll
12354 090 96£TY o1
LEOS] SLECD 306EY €l
1$89°1 6CLED 8cot 'y ¥1
L8891 £16£°0 18y’ £l
8€00°¢C YA Y] 00LL Y Z1
0LTT'C e o SLLE'Y 11
6200°C 8EEY0 SESLY 01
86161 9 0¥ 0 8c6Ct 6
L8611 Y6820 0L66°E 3
; 802870 6220 €I8l'e L99: L

(Rep/) | (TR | (DDA | (DDA | (TW) OX | (T OX

STIOAISSTY | STOAIRSIY | YVdD MDD MTHD Mad [eAlsqut

ioq woy | ywoq woy | 3dwnsuo) | ydwnsuoy | padung padmng [013u00

918y MO[ NESCTTY RESTTY M Ialepm @M |Suanp inopy

Ae(q 1awung [eordAy, & 107 S[npaysg dwng S[IASHINS/UIED US[D) - Bh] 'S S[QEL




A26

S8 A 0000°91 99¢L’L BRETR)

0000 ={X) 000091 996L°L =[E10],

LBLLT- 8¥8Y'1 00! P8 00:2T

16622~ 88 ; 0012

6YTE'T- 8181 00:0Z

6781°C- 881 00:61

v008'1- 8Y8Y'1 00:81

zI65'1- 8v8H'1 00:L1

PSIP1- S8 00:91

LEOST- V81 00:ST

1¥89°1- 8PSl 00:+1

sddm @ L8891~ SbeY'1 00:€1
gordud 865002~ 8v8Y'l 00:Z1
NOLLORILST|  0LZ7'C- SR 00:1%
6200°C- 8y8h'T 00:01

8CISI- IC1aAl 00:6

L8611~ 88yl 00°8

807£°0- 8v8v'1 | 100001 8810 00:L
0=>JA-OX [Z=>(X)mmng| (SS)o1X | (F)1X Aep oy}
SIUEIISUO) MTHD MZIg | Joinoy

Ae(q 1ounung estdA 1, v 10] SI09100F20)) A[INOH S[IASHIIS/WITE]) UID) - qp] 'S 9[qEL




A27

B REL )
£EL FALRIE = EI0L
¢691°0 8510°C 9
L9C10 (YA g
6LT10 2E19°1 14
1L21°0 0059°1 £
8Ll 0 6L69°] 4
LISTO L9061 I
8¢120 L9EDT ¥C
£197°0 8¢16C L9 5 €c
(P/TN) (T IA | (T IA | (T OX | (T OX
SHOAIISYY | SHOARSIY | UVHD MO MTHD Mmaad jeAlaqut
yloq oym | yroq oyn | ydwnsuoy) | ydwnsuony | padung padwng [onuod
218y MOj] 1918 pA m1EM IDEM IEM wep  |Suunp inopy

WEIN 191up [eo1dA], & 103 Spnpatdg dwming SIASHING/WIEY) USJD) - BS'C SQEL




A28

SaA i [ty
1000:0-::  ={X)d = [EI0,
L8SE9 00002 00:9
SLLY'E | 0000T 00:S
0SLE'E 0000°T 00:¥
96£€ '€ 0000°C 00:€
0s87°€ | 0000C 00:Z
€8S0°E | 00007C 000, 00°1
wWoT'T 0000 | 000071 00:4C
L1961 0000 | 000071 . 00:€7

0=<JA-OX! T=>X=>1 | (SS) 0IX Aep a3
LT} MZHD | mzdd | moyd | joanoy

WFIN 101U [01dA L © 10 S1U010[J207) AUNOY S[IASTING/WIED WD) - 51 S Bqe.L




A20

sddm @
aorad
NOLIDIHISTA

aordad

NOILLORILST]

000€°LT ObLTS L10095 | £998°1Z | 9601°C1 | ™23uD
000€°LT 9pLT's | L100°9S | L9981 ] 9601°C1 =810
9511’1 0$62'0 WLOE L99ET [ 1698870 (44
759¢'1 00EE0 8887°€ L99€°T: | 169880 1Z
LLYS'T £89€°0 6TEP'E | L99ET | 69880 0z
LTLL 1ZLED wsoe | L99€T | 69880 61
0IFS’I EIEE0 €E9P'E © i} 69880 81
Tl SL6T0 €8L1°¢E ] 608870 LI
6€0€°1 1LLT°0 $08T'€ 91
182C'1 8SLT°0 8607°€ Sl
po6b'1 80620 T65V'E 1
LYO9'l 867£°0 GTES'E £1
LTLY'] SLEED 888/ '€ r4
0150°T L9PE0 6L56°C 11
1L06'T 6THE0 80€6'E 01
€128°T 80££°0 1LS8'E 6
L2T6'1 STOV'0 8ELL'E 8
6LTS'1 v0SE0 8€Z1°€E L
(TN) (TA) IA | (TN A

mboaumoﬁ mhmoanumoﬂm %mo BNQ —mauu:._

:HOD EO.@ JuOﬁ_ ﬁmc.@ .ﬁma:m=oo .Ha—azmaov ﬁo&ﬁ:.-m ﬁmmaﬁm _c.—aﬂoo

ey >>O~.m— .-3&3 uoﬁma .Hmuw.\s 1918 A uoumg wzfﬁ—u u:OI

Aeq 3oy [eordA T, € 10] o[upatsg dumg S[ASTINS/WIE) UAID) - BTG S[qE,




A30

sddm @
aqQoad
NOILOIHIS T

aordiad
NOILOTHLSTH

SO 000091 T6TT'€ oY)
= (X)1 =1e1]
oCIT'I- COcT’l 00:2¢
769¢°1- S9LT'1 00:1Z
LLVS'T- S9€T'1 00:0Z
LTLLT- €oce’l 00-61
OIbS1- G9ET'T 00:81
72T 1- S9LT'1 00:L1
6€0€°T~ COET'1 0091
187C'1- SOET | 00:S1
Y9611~ GoET'1 00:¥1
LY09' 1~ GocT'| 00:€1
LTLY1- SOET'1 00:Z1
0150°C- S9£T'1 00:11
1L06'C- 0000'T 00:01
€178°T- 0000°T 00:6
LTT6'T- S9ET'T 00'8
6LTS'1- 9pS1'1 00:L

0=>1A-0X |Z=>{X)ung Aep a1}
munmwbmnoo BNH.HU BNMMH .wo hzcm

Av(q Jovmp, [eordK | © 105 SIUSI0F200) AINOH SASHNS/WIR) UID - q91°S J[QEL




Table 5.17 - Barthaven Pump Schedule for a Typical Summer Night

Hour during Water Water Portion
control Pumps Pumped | Consumpt. of an
interval | Required hour

XQ (ML) | Vk (ML)

1 S 7 0.1654 0.8822
2 S 0.1379 0.7356
3 S 0.1317 0.7022
4 S 0.1283 0.6844
5 S 0.1283 0.6844
6 S 0.9044

Total = 4.5933

Check: (6.0000)

Table 5.18a - Barrhaven Pump Schedule for a Typical Summer Day

Hour during Water Water
control Pumps Pumped | Consumpt.
interval | Required
XQ(ML) | Vi (ML)

7 BS then § : 0.3229

8 BS then S 0.3854

9 BS then S 0.4046

10 BSthen § 0.4338

11 BSthen S 0.4342

12 BS then S 0.4204 {resTRICTION

13 BSthen S 0,3913 PERIOD
14 BS then § 0.3729 @ WPPs

15 BS then S 0.3575

16 BS then S 0.3604

17 BS then § 0.3913

18 BSthen § 0.4533

19 BS then S 0.4979

20 BS then S 0.2333

21 BS then S 0.5492

22 BS then S 0.4804

3 BS then S 0.3467

24 BS then § 0.2458

Total =

Check:




Table 5.18b - Barrhaven Hourly Coefficients for a Typical Summer Day

RESTRICTION
PERIOD
@ WPPs

Hour of Constraints

the day X& (BS) X4 (8) | Sum(X)=1 | XQ-Vk=0
7:00 [ 009391 0906 1.0000 0.0000
8:00 1.0000 0.0000
9:00 1.0000 0.0000
10:00 1.0000 -0.0000
11:00 1.0000 -(0.0000
12:00 1.0000 -0.0000
13:00 1.0000 -0.0000
14:0Q0 1.0000 0.0000
15:00 1.00G0 -0.0000
16:00 1.¢000 -0.0000
17:00 1.0000 -0.0000
18:00 1.0000 -0.0000
19:00 1.0000 -0.0000
20:00 |:.0.239: 1.0000 -0.0000
21:00 1.0000 0.0000
22:00 1.0000 -0.0000
23:00 1.0000 0.0000
24:00  [ii0.0: 0,959 1.0000

Total = 2.7790 15.2211 F(X)=

Check: 2.7790 15.2211

Table 5.19 - Barrhaven Pump Schedule for a Typical Winter Night

[Hour during Water Water Portion
control Pumps Pumped | Consumpt. of an
interval | Required hour

Vk (ML)

1 S 0.1517 0.8089
2 S 0.1338 0.7133
3 S 0.1271 0.6778
4 S 0.1279 0.6822
5 S 0.1267 0.6756
6 S 0.1692 0.9022

Total = 4.4600

Check: (6.0000)




Table 5.20a - Barthaven Pump Schedule for a Typical Winter Day

Hour during Water Water
control Pumps Pumped | Consumpt.
interval Required

XQ(ML) | Vk(ML)
7 BS then S 0.3504
8 BS then S 0.4025
9 BSthen S 0.3308
10 BS then § 0.3429
11 BS then § 0.3467
12 BS then S 0.3375
13 BSthen 8§ 0.3258
14 BS then S 0.2908
15 BS then S 0.2758
16 BSthen S 0.2771
17 BS then S 0.2975
18 BS then S 0.3313
19 BS then S 0.3721
20 BS then § 0.3683
21 BS then S 0.3300
22 BS then S 0.2950
23 BSthen S 0.2613
24 BS then S
Total = | 57517 1505951

Check:

RESTRICTION
PERIOD

RESTRICTION
PERIOD
@ WPPs
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Table 5.20b - Barthaven Hourly Coefficients for a Typical Winter Day

Hour of Constraints
the day X8 (BS) Sum(X)=1 | XQ-Vk=0

7:00 01130 i 1.0000 -0.0000

8:00 0.1491: 1.0000 -0.0000

9:00 1.0000 0.0000 |RESTRICTION
10:00 1.0000 -0.0000 PERIOD
11;00 1.0000 -0.0000

12:00 1.0000 -0.0000

13:00 1.0000 0.0000

14:00 1.0000 0.0000

15:00 1.0000 0.0000

16:00 1.6000 0.0000 [iRESTRICTION
17:00  { :0.0762::}::0.92 1.0000 0.0000 PERIOD
18:00 1.0000 0.0000 @ WPPs
19:00 1.0000 0.00060

20:00 1.0000 0.0000

21:00 1.0000 0.0000

22:00 1.0000 0.0000

23:00 1.0000 0.0000

24:00 020 9798 1.0000
Total = 1.6485 16.3516 F(X) =

Check: 1.6485 16.3516
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Table 5.34 - Carlington Heights Branch (LI1TW+FS1W) All Possible
Electrical Pump Combinations

Fleet Street | FSIW Lemieux LIIW Total Pipe
# at least | Capacity | Island I1W | Capacity | Capacity Cstrt
3 pumps on | (ML/d) | pump comb. [ (ML/d) | (ML/d) | 290.0 ML/d

1 BBS 181.0 B 136.1 | :317.1( ‘
2 181.0 E 95.0

3 181.0 BB 272.2

4 181.0 BE 231.1

5 181.0 EE 190.0

6 BSS 131.3 B 136.1

7 131.3 E 95.0

8 131.3 BB 272.2

9 131.3 BE 231.1

10 131.3 EE 190.0

11 SSS 81.6 B 136.1

12 81.6 E 95.0

13 81.6 BB 272.2

14 81.6 BE 231.1

15 81.6 EE 190.0

16 BBSS 208.2 B 136.1

17 208.2 E 95.0

18 208.2 BB 272.2

19 208.2 BE 231.1

20 208.2 EE 190.0

21 BSSS 158.5 B 136.1

22 158.5 E 95.0

23 158.5 BB 2722

24 158.5 BE 231.1

25 158.5 EE 190.0

26 BBSSS 2354 B 136.1

27 2354 E 95.0

28 2354 BB 272.2

29 2354 BE 231.1

30 235.4 EE 190.0




Table 5.35 ~ Carlington Heights Branch Electrical Pump Combinations

[BRIW, LIIW+FS1W, new (LIIW-+FSIW), FS1W]

A59

Electrical Um + trtmt
m Pump | Capacity Consumpt. Um base load
Code | (ML/d) (kW) | (kW.WML) | (kW.h/ML)
1 E 63.6 597  |.722528 [ 305.28
2 S 318 336 333.58
3 D 63.6 671
4 ES 95.4 933
5 ED 127.2 1268
6 SD 95.4 1007
7 ESD 159.0 1604
8 | BBS-E | 276.0 2067
9 | BSS-B | 2674 2134
10 | BSS-E | 2263 1724
11 | SS8-B | 2177 1791
12 | SSS-E 176.6 1381
13 | SSS-EE | 2716 3508
14 | BSSS-E | 253.5 1948 .
(15)| BBS-B | 317.1 2477 65.80. '{10.0%
(16) | BSS-BE | 362.4 2843 25 125.0%
(17) | BSS-EE | 3213 2433 7.33. 1 12.5%
(18) | SSS-BB | 353.8 2910 6.63 22.5%
(19) | SSS-BE | 312.7 2500 63 - {10.0%
(20) | BBSS-B | 3443 2701 0 120.0%
(21) | BBSS-E | 303.2 2291 ol 5.0%
(22) | BSSS-B | 294.6 2358 1] 2.5%
(23) | BSSS-EE | 348.5 2657 62 [22.5%
24) | BBSSS-E | 3304 2515 [ 15.0%
25 BBS 181.0 1358
26 BSS 131.3 1015
27 SSS 81.6 672
28 | BBSS 208.2 1582
29 | BSSS 158.5 1239
30 | BBSSS | 2354 1806
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Table 6.1 - Approximate Potential Energy Savings at the WPPs for Different

Water Management Alternatives

ﬁgmnch” D LS SN "I Potential Energy Savings
ater Management Altematwe Approximate Yearly §
iGlen'C SO

Increasmg RZW operatmg volume (Flg 5 29)

20% increase, approx. 5.62 ML $22,116

40% increase, approx. 11.24 ML $45,383

80% increase, approx. 22, 49 ML $39,560
Increasmg plpc constramt (F1g 5 35)

2.5% compared to 0.0% $3,355
5.0% compared to 0.0% $17,223
15.0% compared to 0.0% $26,135

Increasing water demand (Fig. 5.39)
(for a 15% increase in pipe constraint compared to 0.0%)
10.0% increase in water demand £47.319
20.0% increase in water demand $73.507
10 0% increase in water demand $99.092
B dge P
Increasmg R2C operating volume (F1g 5 37)
(for a 5% increase in pipe constraint compared to
0.0% at Lemieux Island WPP)
approx. 5.98 ML operating volume $20,727
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Roads (Paved) (12.51%)

Open Space md Reereational (18.03%)

Industrial and Utilities (7.49%)

Ingtitutional (10,12%)

Commercial (6.65%)

Figure 1.2 - Urban Land Uses in RMOC (1991)
(Source: RMOC, 1994;
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L e B B AL e T e Bt SE R S RN R SRR

o 2 4 6 8 10 12 14 16 18 20 22 .24
Hours of Use Day

| - Stummer -0 Winer
L

Figure 1.4 - Typical Water Demand Rates for RMOC

1000 N
900
800 4 -
600+ - -
500 4+
400 1
300 | -
200 &
100 |
U e e e N I e S S N

0 2 4 6 8 10 12 14 16 18 20 22 24
Hours of the Day

Water Demand Rates in ML/

Figure 1.5 - Maximum Day in Summer: Water Demand Rates for RMOC (1991)
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BRITANNIA (O@(OO) LEMIEUX ISLAND

Irz 2N

7 7
A BB2C HB1E
WV
CH2W
R1W R2C |- RIE |
— RBAR | H R2W
N % N
C)BHPS Vv
% /Clx
2N

/ CBAN
OPUMPING STATIOP/\ONSUMPTION 20NE RESERVOIR

?ELEVATED TANK @ MAIN SERVICE RESERVOIR

Figure 3.1 - RMOC's Network Schematic




—

(=]

o
1

Water Comy

0 2 4 6 8 10 12 14 16
Hours of the Day

o Wik |

0 2 4 6 8 1 12 14 16
Hours of the Day

Figure 4.2 - Consumption Data for Billings Bridge Branch
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Figure 4.3 - Consumption Data for Carlington Heights Branch
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Figure 4.4a - Consumption Data for Glen Caimn/Stittsville Branch
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Figure 4.4b - Consumption Data for Barrhaven Sub-Branch
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Is the Pump
Objective function: F(X)y=::7. 273.61: % Used?
Pumping times: X1 i 29 Yes
X2
X3
BR2W X4
1 $273.41 X5 Yes
X6=
X7
X8
CH2W X9
$0.00.. ¢ X10
Tvw
Tvb :
Reservoir storage: Swik-1)= 23,8000 ML Sw{min) =
Sbk-1) = 6.8000 ML Sb{min) =
Swk)= 38.7000 ML Sw(max) =
Sb(k)= 19.5001 ML Sb(max) =
Fixed valve transfers: FvwIvw= 14.9000 ML
FvbTvb= 12.7001 ML
Water consumiption: Vwik) = 20,1729 ML
Vi(k) = 1.4538 ML
Total: Zone 2W: FvTv+ Vk= 35.0729 ML
Zone BAR: FvIv+ Vk= 14,1539 ML
| Total = ;i1:1:::49:2268 ML
Total water pumped: BR2W: X = 38.2934 ML
CH2W: XQ= 10.9333 ML
I Total = ;. 492268 ML
Are
Conditions
- Met?
Constraints fa: 010 810000 < Yes
1b: - 000 Yes
Ic Yes
2 Yas
3; 38.7000: >=123.8 Yes
195001 >=6.8 Yes
Yes
Yes
4: Yes
Yes
b

Figure 4.5 - Example of Level I Optimization Qutput
{Glen Cairu/Stittsville Branch for a Typical Summer Night)



GlenCaun ZW _k_"—“_l___ . Summe;f

Constramts

@COUNT(D4..D4) >=
@COUNT(D5..D5) =
@COUNT(D6..D6) >=
@COUNT(D7..D7) >=
@COUNT(DS..D8) >=
@COUNT(D9..D9) >=
@COUNT(D10..D10) >=
@COUNT(D1L.DI1) >=
@COUNT(D12..D12) >=
@COUNT(D13..D13) »>=
@COUNT(D14..D14) >=
@COUNT(DIS =
‘@COUNT(CE :

1o, 5000‘

Figure 4.6 - Example of Level I Linear Programming Formulation for "Optimizer”

(Glen Cairn/Stittsville Branch for a Typical Summer Night)

Bll



B12

Solution Cell . . Night

+E78

Variable Cells - - :

Constraints
@COUNT(B70..C77) >= 0.0000
@COUNT(E70..E77) >= 0.0000
@COUNT(D70..D77) = 1.0000
@COUNT(B78..B78) = 3.2429
@COUNT(C78..C78) = 4,7571

Figure 4.7 - Example of Level II Linear Programming Formulation for "Optimizer"
(Glen Cairn/Stittsville Branch for a Typical Summer Night)
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Objective function:
Pumping times:;

Reservoir storage:

Fixed valve transfers:
Water consumption:
Total:

Total water pumped:

Constraints

Is the Pump
f(X)= Used?
X1= Yes
X2 =: Yes
Ty =100 45360 hours
Sk-1)=  51.9000 ML S(min) =:
S(k) = 89.7000 ML S(max) =
FvTv= 37.8000 ML
Vk = 22,4096 ML
FvTv + Vk: 60.2096 ML
XQ=1"60.2096 ML
Are
Conditions
Met?
Yes
Yes
Yes
Yes
Yes

897

J51.9

Figure 5.1 - Hurdman Bridge Branch Level I Optimization - Summer Night
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Objective function:
Pumping times:

Reservoir storage:
Fixed valve transfers:
Water consumption;

Total:
Total water pumped:

Constraints

Is the Pump
Used?

Yes

89.7000 ML

S(k-1) =
S(k) = 51.9000 ML
FvTv = 37.8000 ML

Are

Conditions
7 Met?
L<= 16 Yes
0 Yes
) >=351.9 Yes
9000 <= 89.7 Yes
51.9 Yes

Figure 5.2 - Hurdman Bridge Branch Level I Optimization - Summer Day
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Objective function:
Pumping times:

Reservoir storage:
Fixed valve transfers:
Water consumption:

Total:
Total water pumped:

Constraints

Is the Pump
Used?
00 Yes
. 662: hours
S(k-1)=  48.3154 ML* S(min) =
S(k) = 89.7000 ML S(max) =

FTv= 41.3846 ML

= 20.4154 ML

Are
Conditions
Met?

..... = Yes
00 -0 Yes
00 >=41.7 Yes
Yes

Yes

0.00

4L7

89.7

Figure 5.3 - Hurdman Bridge Branch Level I Optimization - Winter Night
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Objective function:
Pumping times:

Reservoir storage:

tixed valve transfers:

Water consumption:
Total:

Total water pumped:

Constraints

Is the Pump
Used?
Yes
S(k-1) 89.7000 ML S(min)= ", 417
S(k) 48.3154 ML S(max) =" 89
Fvlv 41.3846 ML
68.8146 ML
1127:4300 ML
1274300 ML
Are
Conditions
Met?
Yes
Yes
Yes
Yes
Yes

Figure 5.4 - Hurdman Bridge Branch Level I Optimization - Winter Day



B17

Objective function:
Pumping times:

BB2C

Reservoir storage:

Fixed valve transfers:
Water consumption:
Total:

Total water pumped:

Constraints

=

L) b —

Is the Pumyp
f(X)=":..69:268% Used?
‘ﬁ"-1'20‘00 hours Yes
X2= "4 8000 hours Yes
X3= 5:(”)_0000 hours
X4 = 0.0000: hours
X5= 0; OQ_Q_Q. hours
X6= 0 0000 hours
X7= 00: hours
X8 = 0:0000: hours
X9 =" 0.0000 hours
Tv = 0.7135: hours
S(k-1) = 2.3000 ML S(min)=" 2.3
S(k) = 3.4000 ML Stmax) =" 3.4
Fviv= 1.1000 ML
= 7.3400 ML
EvTv + Vk =0 84400 ML
XQ=:8.4400. ML
Are
Conditions
Met?
16,0000 =6 Yes
0.0000 = 0 Yes
3.4000 >=123 Yes
3:4000 <= 3.4 Yes
3,4000:=3.4 Yes
_____ - ;0 K

Figure 5.5 - Billings Bridge Branch Level I Optimization - Summer Night



B18

Objective function:
Pumping times:

BB2C

Reservoir storage:

Fixed valve transfers:
Water consumption:
Total:

Total water pumped:

Constraints

Is the Pump
Used?

‘ 0000 hours

Yes

Yes

Yes

Ty = 0.7135  hours
S(k-1)=  3.4000 ML
Sk)=  2.3000 ML
FTv= 1.1000 ML
= 46.0904 ML

Are
Conditions
Met?

Yes
Yes
Yes
Yes
Yes

Figure 5.6 - Billings Bridge Branch Levetl I Optimization - Summer Day



B19

Objective function:
Pumping times:;

BB2C

Reservoir storage:

Fixed valve transfers:
Water consumption:
Total:

Total water pumped:

Constraints

[s the Pump
Used?
Yes
= 0000 hours
X8=_ ' 0.0000 hours
X9 = 0.0000: hours
Tv =" -::0,5838 hours
S(k-1)=  2.5000 ML S(min)= 2.5
S(k)= 3.4000 ML S(max) = 3.4
FTv= 0.9000 ML
= 3.7271 ML
FvTv+ Vk: = 46271 ML
XQ= 149000 ML
Are
Conditions
Met?
Yes
No
Yes
Yes
Yes

Figure 5.7 - Billings Bridge Branch Level I Optimization - Winter Night



B20

Objective function:
Pumping times;

BB2C

Reservoir storage:

Fixed valve transfers:
Water consumption:
Total:

Total water pumped:

Constraints

LS I % S

Is the Pump
fX)=:.:264248% Used?
X1 = 0.0000 hours
80 hours Yes
0000 hours
ours
ours Yes

' hours
0.0000: hours

05838 hours

S(k-1)=  3.4000 ML
S(k)=  2.5000 ML
FvIv=  0.9000 ML
= 335225 ML
32,6225 ML

6225 ML

Are

Conditions
Met?

Yes
Yes
Yes
Yes
Yes

Figure 5.8 - Billings Bridge Branch Level I Optimization - Winter Day



B21

Is the Pump

Objective function: f(X)= . . 31925 % Used?
Pumping times; X1 = - 3.0000 hours
X2= * 0.0000 hours
X3=:. 00000 hours
BR1W X4=_ .7 .:0.0000 hours
L8260.74 X5= """.70.0000 hours
X6=-"" " 0.0000 hours
X7="":8.0000 hours Yes
X8= 80000 hours Yes
X9=1.:00000 hours
FSIW+ X10=" 0.0000 hours
LIIW X1i=" -.0,000C. hours
Co8249.51 10 X12="1 -0.0000 hours
X13=: 07 0.6000 hours
X14=" " " '0,0000 hours
X15=" ::.2-0.0600 hours
X16=":%770,0000 hours
FSIW X17=" " '0.0000 hours
L8000 X18= - - 00000 hours
X19="-:- "+ 0.000¢ hours
X20= """ .7 0.0000 hours
Tv=.. ... 60807 hours
Reservoir storage: Stk-1)= 68.5000 ML S{min) =
S(ky= 106.5041 ML* S{max) =
Fixed valve transfers: FvTv= 38.0041 ML
Water consumption; Vk = 34.3546 ML
FvTv+ Vk = 72.3586 ML
HurdmanlE: 60.2096 ML
Billings2C: 12.4317 ML
CH2W: 0.0000 ML
I Total= - 145.0000 ML
Total water pumped: BRIW XQ, 53.0000
LI/FS1W: 92.0000
FS1W X 0.0000
[ XQ = - 1450000 ML
Are
Conditions
. _ Met?
Constraints la @ -'$.0000 <=8 Yes
Ib: 7 8.0000 <=8 Yes
te: .77 16.0000 >=8 Yes
20,0000 =0 Yes
3. 106.5041 >=68.5 Yes
0 106.5041 <=109.1 Yes
4 106.5041 = 106.5041* Yes
50 OK-

68.5
1991

Figure 5.9 - Carlington Heights Branch Level I Optimization - Summer Night




I3

Is the Pump

Objective function: f(X)= 1199.05. 8 Used?
Pumping times: Xl= - -9.8428 hours Yes
X2= " .0.0000 hours
X3= 0.0000 hours
BRIW X4= - .0.0000 hours
1837850 X5=- - 0.0000 hours
X6="" . 0.0000 hours
X7= . ..0.0000 hours
X8=1_".0.0000 hours
X9=1"...0.0000 hours
FSTW + X10=":.7".:0.0000 hours
LIIW XI1=1::4:40,0000 hours
. $0.00 X12= "1:2.70.0000 hours
Xi3= 700000 hours
Xl4= = 0,0000 hours
X15=" .- .0.0000 hours
X16=1:/ 00000 hours
FSIW X17= "1 "-0.0000 hours
$820.55 X18=""""0.0000 hours
X19="1" 70,0000 hours
X20=. " 160000 hours Yes
Tv= . . 60807 hours
Reservoir storage: S(k-1)= 106.5041 ML* S{min) =
S(k) = 68.5000 ML S(max) =
Fixed valve transfers: FvTv= 38.0041 ML
Water consumption; Vi = 108.0808 ML
Vk - FvTv = 70.0768 ML
HurdmanlE: 50.0745 ML
Billings2C: 40.9989 ML
CH2W: 21.8667 ML
| Total = ., 183.0168 ML
Total water pumped: BRIW XQ: 26.0834
LI/FS1W: 0.0000
FSIW XQ: 156,9333
| XQ=:::.183.0168 ML ]
Are
Conditions
Met?
Constraints Yes
Yes
Yes
Yes
Yes
Yes

68.5
S 1093

Figure 5.10 - Carlington Heights Branch Level I Optimization - Summer Day



B2

Is the Pump
Objective function: f(X)= 75587 % Used?
Pumping times: X1= 0.0600 hours
X2= 0.0000 hours
X3= 0.0600 hours
BRI1W X4= 0.9000- hours
$392.66 X5= 0.0000 hours
X6= 0.0000 hours
X7= “8.0000 hours Yes
X8= . 8.0000 hours Yes
X9= " 0.0000 hours
FSIW + X10= 0.0000 hours
LITwW XIll= 0.0600 hours
$363.22 X12= 0.0000 hours
X13= 0.0000 hours
Xl4= 0.0000 hours
Xi5= 0.0000 hours
X16= . D.0000 hours
FSIW X17= 0.0000 hours
$0.00 Xig= 0.0000 hours
Xi9= .0.0G00 hours
X20="""" % 0,0000 hours
Tv= - 5.3454 hours _
Reservoir storage: Sk-1)= 68.5000 ML S(min) ="
S(ky= 101.9087 ML* S{max)=: -
Fixed valve transfers: FvTv= 33.4087 ML
Walter consumption: Vk= 31.4233 ML
FvITv+ Vk= 64.8320 ML
HurdmanlE: 61.8000 ML
BillingszC: 7.4346 ML
CH2W: 10.9333 ML
[ Total = . 1450000 ML
Total water pumped; BRI1W XQ: 53.0000
LI/FSIW: 92.0000
FS1W XQ: 0.0000
| XQ=:." :145:0000 ML
Are
Conditions
Met?
Constraints Yes
Yes
Yes
Yes
Yes
Yes
Yes

68.5
109.1

Figure 5.11 - Carlington Heights Branch Level I Optimization - Winter Night




B24

1s the Pump

Objective function: f(N)= 85055 § Used?
Pumping times: Xi= 0.8000 hours
N2= 0.0000 hours
X3= 0.0000 hours
BRI1W X4= 0.0000 hours
20.00 X5= 6.0000 hours
X6= 0.0000 hoors
X7= 0.0000 hours
X8 = 0.0000 hours
X9 = 0.0000 hours
FSIW + X10= 0.0000 hours
LI1W Xl = 0.0000 hours
$0.00 X12= 0.0000 hours
X13= 0.0000 hours
Xl4= 0.0000 hours
X15= 3.1030 hours Yes
Xle= 0.7715 hours Yes
FS1W X17= 0.0000 hours
$850.55 X18= 3.9615 hours Yes
X19= 2,3928 hours Yes
X20= 5.7712 hours Yes
Tv= _ 5.3454 hours
Reservoir storage: S(k-1)= 101.9087 ML* S(min) =
Sky= 68.5000 ML S(max) =
Fixed valve transfers: Fvlv= 33,4087 ML
Water consumption; Vk = 88.4204 ML
Vk-FvTv= 55.0117 ML
HurdmanlE: 274300 ML
Billings2C: 30.0880 ML
CH2W: 21.8667 ML
[ Total= 134.3964 ML
Total water pumped: BRIW XQ; 0.0000
LI/FS1W: 0.0000
FSIW XQ: 134.3964
] XQ= 134.3964 ML
Are
Conditions
Constraints la: 5 07 0,0000 <= 16 Yes
ib: - 16,0000 <= 16 Yes
207400000 =0 Yes
3. - 685000 >=68.5 Yes
68,5000 <= 109.1 Yes
4: 7 68,5000 = 68.5 Yes
50 QK

68.5
109.1

Figure 5.12 - Carlington Heights Branch Level I Optimization - Winter Day




Is the Pump
Objective function; f(X)= 27361 % Used?
Pumping times: X1= 3.2429 hours Yes
X2= 0.0000 hours
X3= 0.0600 hours
BR2W X4= 0.0000 hours
$273.61 X5 = 4,7571 hours Yes
X6=". ~ 0.0000 hours
X7= . 0.0600 hours
X8= 0.0000_hours
CH2wW X9 = 0.0000 hours
$0.00 X10= ~0.0000 hours
Tvw= 21673 hours
Tvb= 52552 hours
Reservoir storage: Swik-1)= 23,8000 ML Sw(min) =
Sb(k-1) = 6.8000 ML Sb(min) =
Swik) = 38.7000 ML Swimax)=
Sbik) = 19.5000 ML Sb{max) =
Fixed valve transfers: FvwTvw = 14.9000 ML
FvbTvb = 12,7000 ML
Water consumption: Vwik) = 20.1729 ML
Vixk) = 1.4538 ML
Total; Zone 2W: FvTv+ Vk= 35.0729 ML
Zone BAR: Fviv+ Vk= 14,1539 ML
[ Total = 49.2268 ML ]
Total water pumped: BR2W: XQ = 49.2268 ML
CH2W: XQ= 0.0000 ML
[ Total= 49.2268 ML
Are
Conditions
_ _ Met?
Constraints las. . 8.0000 <=8 Yes
1b: . 0.0000 <=8 Yes
Ic: 7 8.0000 >=8 Yes
2 0 0:.00000=0 Yes
3. 387000 >=23.8 Yes
U 19.5000 >=6.8 Yes
38,7000 <=38.7 Yes
| 195000 <=19.5 Yes
4 8.7000.=338.7 Yes
: 00 =19.5 Yes
5: OK

238

- 387
C 195

Figure 5.13 - Glen Caim/Stittsville Branch Level I Optimization - Summer Night




B26

Is the Pump
Objective function; f(X)= 649.14 5 Used?
Pumping times: Xl= 7.7566 hours Yes
X2= 0.6000 nours
X3= 0.000Q hours
BR2W Xd4= 0.0000 hours
$431.89 X5= 0.0000 hours
Xo= 0.0000 hours
X7= 0.0600 hours
X8= 0.0000 hours
CH2W X9= 0.0000 hours
$167.25 X10= ' 16.0000 hours Yes
Tvw=. 2.1673 hours
Tvb = 5.2552 hours
Reservoir storage: Swik-1)= 38.7000 ML Sw{min) =
Shk-11= 19.5001 ML Sh{niiny =
Swik) = 23,8009 ML Swimax) =
Sb(k) = 6.8000 ML Sbh{max) =
Fixed valve transfers; FvwTvw = 14.9000 ML
FvbTvb = 12,7001 ML
Water consumption: Vw(k) = 71.7654 ML
Vik) = 6.7888 ML
Total: Water consumption (Vk) = 78.5542 ML
Fixed valve transf. (FvTv) = 27.6001 ML
I_Vk -FvTv=: 50.9541 ML
Total water pumped: BRZW: XQ = 29.0874 ML
CH2W: XQ = 21.8667 ML
| Total XQ= © 50.9541 ML
Are
Conditions
Met?
Constraints la: = 7.7566 <= 16 Yes
Ih: 0 16,0000 <=16 Yes
2075000000 =0 Yes
3: . 23.8000 >=238 Yes
1 6:8000 >=6.8 Yes
238000 <=387 Yes
S BIB000 <=19.5 Yes
4 .23.8000 =238 Yes
- 64000 =6.8 Yes
500 10K

238
6.8

38.7
19.5

Figure 5.14 - Glen Cairn/Stittsville Branch Level Optimization - Summer Day




Is the Pump
Objective function: f(X)= 353.88 5 Used?
Pumping times: X1= 7.1026 hours Yes
X2= 0.0000 hours
X3= 0.0000 hours
BR2wW X4= 0.0000 hours
$£270. 20 X5= 0.8974 hours Yes
X6= 0.0000 hours
X7= 0.0000 hours
Xg= 0.0000 hours
CH2W X9= 0.0000 hours
383.63 X10= 8.0000 hours Yes
Tvw = - 2.1236 hours
Tvb= 5.2552 hours
Reservoir storage: Swik-1)= 24.1000 ML Sw(min) =
Sb(k-1)= 6.8000 ML Sb(min) =
Swik)= 33.7000 ML Sw{max) =
Sbk)y = 19.5000 ML Sb{max) =
Fixed valve transfers: FvwTvw = 14.6000 ML
FyvbTvb = 12.7000 ML
Water consumption: Vw(k) = 159471 ML
Vi(k) = [.3133 ML
Total: Zone 2W: FvTv+ Vk= 30.5471 ML
Zone BAR: Fvlv+ Vk= 14.0133 ML
| Total = 44.5604 ML
Total water pumped: BR2W: XQ = 33.6271 ML
CH2W: XQ = 10,9333 ML
l Total = 44.5604 ML
Are
Conditions
Met?
Constraints la: 18.0000 <=8 Yes
lb: . . 8.0000: <=8 Yes
lcc - °16.0000 >=8 Yes
2: -0.0000 =¢C Yes
3 38,7000 >=24.1 Yes
1953000 >=6.8 Yes
7. -38.7000 <=38.7 Yes
0 19.5000 <=19.5 Yes
4 38.7000 =387 Yes
195000 =19.5 Yes
5: G O.K.

38.7

241
6.8

19.5

Figure 5.15 - Glen Cairn/Stittsville Branch Level I Optimization - Winter Night



Is the Pump

Objective function: f(X)y= 410.08 § Used?
Pumping times; X1= 3.2292 hours Yes
N2= 0.0000 hours
X3 = 0.000¢ hours
BR2W X4 = 0.0000 hours
5242 82 X5= 0.0000 hours
Xo= 0.Q002 hours
X7= 0.0000 hours
X3= 0.0000 hours
CH2w X9= 6.0G000 hours
$167.25 XI1o= 16.0000 hours Yes
Tyw= 2.1236 hours
Tvh= 5.2552 hours
Reservoir storage; Swik-1)= 38.7000 ML Swimin) =
Sbk-1)= 19.5000 ML Sbimin) =
Swik) = 24.1000 ML Sk{max) =
Sb(k) = 6.8000 ML Sb{max) =
Fixed valve transfers: FywTwvwy = 14.6000 ML
FvbTvb = 12.7000 ML
Water consumption: Vwik) = 56.0017 ML
Vhik) = 5.2746 ML
fotal: Water consumption (Vk) = 61.2763 ML
Fixed valve transf. (FvTv) = 27.3000 ML
| Vk-FvTv= 33.9763 ML
Total water pumpad: BR2W: XQ = 121096 ML
CH2W: XQ = 21.8667 ML
| Total XQ= 33.9763 ML
Are
Conditions
Met?
Constraints la: 3.2292 <= 16 Yes
lb; 16.0000 <= 16 Yes
2 0.0000 . Yes
3: 24,1000 >=241 Yes
© . 6.8000 >=6.8 Yes
24 1000 <=38.7 Yes
68000 <=19.5 Yes
4 241000 =24.1 Yes
.. 16,8000 =068 Yes
5: QK.

241
4.8
387
19.5

Figure 5.16 - Glen Cairn/Stittsville Branch Level I Optimization - Winter Day



B29

Objective function:
Pumping times:;

BHPS

Water consumption:
Total water pumped:

Constraints

Ll b —

Is the Pump

f(X)= 997 % Used?

Xl= 0.0000 hours

X2= 0.0000 hours

X3= 0.00060 hours

X4 = 6.0000 hours Yes

X5= 6.0000 hours

X6 = $.0000 hours

X7 = 0.0000 hours

X8 = 0.0000 hours

X0 = 0.0000 hours
X106 = 0.0000 hours
Xil1= (.0000 hours
X12= 0.0000 hours
X13= 0.0000 hours

= 0.8613 ML
XQ-= 1.1250 ML
Are
Conditions
Met?

6.0000 =6 Yes
0.2638 =0 No

O.K.

Figure 5.17 - Barrhaven Sub-Branch Level I Optimization - Summer Night



B30

Objective function:
Pumping times:

BHPS

Water consumption:
‘Total water pumped:

Constramts

Is the Pump

f£(X)= 70.10 § Used?
Xl= 0.0000 hours
X2 = 0.0000 hours
X3= 0.6000 hours
X4 = 15.2211 hours Yes
X5= 0.0000 hours
X6 = 0.0000 hours
X7= 0.0000 hours
X8 = 2.77%0 hours Yes
X0 = 0.0000 hours
Xlo= 0.0000 hours
Xl = 0.0000 hours
X12= 0.0000 hours
X13= $.0000 hours
= 7.3813 ML
XQ= 7.3813 ML
Are
Conditions
Met?
18.0000 = 18 Yes
0.0001 =0 No
OK.

Figure 5.18 - Barrhaven Sub-Branch Level I Optimization - Summer Day




Objective function:
Pumping times;

BHPS

Water consumption:
Total water pumped:

Constraints

LI N o~

Is the Pump

£f(X)= 9.97 % Used?

Xl= 0.0000 hours

X2= 0.0000 hours

X3 = 0.0000 hours

X4 = 6.0000 hours Yes

X5 = 0.0000 hours

X6 = ©.0000 hours

X7= 0.0000 hours

X8 = 0.0000 hours

X9= 0.0000 hours
X10= 0.0000 hours
Xl = 0.0000 hours
X12= $¢.0000 hours
Xi3= 0.0600 hours

= 0.8363 ML
XQ-= 1.1250 ML
Are
Conditions
Met?

6.0000 =6 Yes
0.2888 =0 No

O.K

Figure 5.19 - Barrhaven Sub-Branch Level I Optimization - Winter Night



LFF)

t

Objective function:
Pumping times:

BHPS

Water constinption:
Total water pumped:

Constraints

Is the Punmp

f{x)= 5375 § Used?
Xl = 0.0000 Lours
X2= 0.00G0 hours
X3 = 0.0000 hours
X4 = 16.3516 hours Yes
X5 = 0.0000 hours
X6 = 0.0000 hours
X7 = 0.0000 hours
X8 = 1.6485 hours Yes
X9 = 0.0090 hours
X110 = 0.0000 hours
X1l = 0.0000 hours
Xl12= 0.0000 hcurs
Xl13= 0.6000 hours
= 5.7517 ML
XQ= 5.7517 ML
Are
Conditions
Met?
18.0000 =18 Yes
0.0000 =0 Yes
0K

Figure 5.20 - Barrhaven Sub-Branch Level 1 Optimization - Winter Day
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B34

Is the Pump
Objective function: HIBSIE 341.16 3 Used?
Puniptny, times: X1= 13,3878 hours Yes
N2= 0.0000 hours
N3= 0.0000 hours
BR2W N4 = .0000 hours
E8Hie Ni= 0.0000 hours
X6 = 0.0090 hours
X7= 0.0000 hours
N§= 0.0000 hours
CH2w No= 0.0000 hours
$0.00 X10= 0.0000 hours
Tvw = 21673 hours
Tvb = 5.2552 hours
Reservoir sictage velumes: Swik-1r= 38.7000 ML Swinmuny = 238
Shik-1¥= 19.5000 ML Shiminy - 6.8
Swik) = 23.8000 ML Swimax) - 38.7
Shik) = ©.8000 ML Shimaxy - 19.5
Fixed valve transfers: FywTvw = 14 9000 ML
FvbTvb = {2.7000 ML
Water consumption: Vaiky= 717634 ML
Viik) = 6.7838 ML
Total: Water consumption (Vk) = 78.5542 ML
Fixed valve transf. (FvTy) = 27.6000 ML
| Vk-FvTv= 50.9542 ML |
Total water pumped: BR2W: XOQ = 30,9542 ML
CH2W: X( = 0.0000 ML
| Total XQ = 50.9542 ML ]
Are
Conditions
Met?
Constraints la: 13.5878 <= 16 Yes
lb: 0.0000 <= 16 Yes
2 -0.0000 = Yes
3 238000 »>=2338 Yes
6.8000 >= 638 Yes
238000 <=38.7 Yes
6.8000 <= 193 Yes
+ 23.8000 =238 Yes
68000 =638 Yes
3 OK.

Figure 5.253 - Glen Caimn/Stittsville Branch Level I Optimization - Summer Day
with CH2W Ofline




B35

Is the Pump
Obiective function: fO=:1.360.00 % Used?
Pumping times: X1 =2 ":43974 hours Yes
X2= 2100000 hours
X3=1: --0.0060; hours
BR2W X4= .0000
$360.00 . X5= Yas
X6=
X7=
X&8=
CH2W X9=
8000 5 X10= ;
Tvw= 6
Tvb = 552 hours
Reservoir storage volumes Swik-I)= 24,1000 ML Swimin) =
Sbhk-1) = 6.8000 ML Sb(min) =
Swik) = 38.7000 ML Sw{max) =
Sbk) = 16,5000 ML Sb{max) =
Fixed valve transfars; FvwTvw = 14.6000 ML
FvbTvb = 12,7000 ML
Water consumption; Vw(k) = 15.9471 ML
Vbk) = 1.3133 ML
Total: Zone 2W: FvTv+ Vk= 30.5471 ML
Zone BAR: FvTv+ Vk= 14.0133 ML
{ Total = 445604 ML |
Total water pumped: BRIW: XQ = 44.5605 ML
CH2W: XQ= 0.0000 ML
L 44:5605. ML, ]
Are
Conditions
Met?
Constraints Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Figure 5.24 - Glen Cain/Stittsville Branch Level I Optimization - Winter Night
with CH2W Offline



Is the Pump
Objective function; fXO="""" 68130 % Used?
Pumping times: X1=11:.19.0604 hours Yes
= 70,0000 hours
X3= “hours
BRIW X4=1" “hours
L $681:30 X5=- 000 hours
X6= 00 hours
X7= - hours
X8 = 000 hours
X9 =10.000 - hours
X10 = 0000, hours
Tvw= i2:¥236 hours
Tvb =i 52552 hours
Reservoir storage volumes: Swik-1N= 38.7000 ML Swimin)= 241
Sbk-1) = 19.5000 ML Sb{min) = 6.8
Swik) = 24,1000 ML Skimax)= 38.7
Stk) = 6.8000 ML Sb(max)= -~ 19.5
Fixed valve transfers: FvwTvw = 14.6000 ML
FvbTvb = 12.7000 ML
Water consumption: Vwik) = 56.0017 ML
Vb(k) = 5.2746 ML
Total: Water consumption (Vk) = 61.2763 ML
Fixed valve transf, (FvTv) = 27.3000 ML
| Vk-FvTv=.: 1339763 ML |
Total water pumped: BRAW: XQ= 33.9764 ML
CH2W: XQ) = 0.0000 ML
| Total XQ = 339764 ML ]
Are
Conditions
Met?
Constraints Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Figure 5.25 - Glen Caim/Stittsville Branch Level I Optimization - Winter Day
with CH2W Offfine



B37

Is the Pump
Objective function; £0 8174 8 Used?
Pumping times: X1 hours Yes
X2 hours
X3 hours
BRIW X4 hours
TS0 X5 hours
X6 hours
X7 hours
X8 hours
X9 hours
X10 hours
X11= hours
X12 hours
X13 hours
X14 hours
X15 hours
X16 hours
FS1w X17 hours
i $820:551 X18 hours
X19 hours
X20 {B000: hours Yes
Tv 0BOT: hours
Reservoir storage volumes: Sk-1)= 106.5041 ML S(min) =
S(k) = 68.5000 ML S(max) =
Fixed valve transfers: FWTv= 38.0041 ML
Water consumption; Vk= 108.0808 ML
Vk-FvIv= 70.0768 ML
HurdmanlE: 50.0745 ML
Billings2C: 40.9939 ML
CH2W: 0.0000 ML
I Total =: 1611501 ML
Total water pumped: BRIW XQ: 4.2168

LI/FSIW: 0.0000

Ara
Conditions
Met?
Constraints 3 <= 16 Yes
<=16 Yes
0 Yes
>=§68.5 Yes
~=109.1 Yes
68.5 Yes

Figure 5.26- Carlington Heights Branch Level I Optimization - Summer Day

with CH2W Offline



[s the Pump
Objective function: fOO=1"0071033 8 Used?
Pumping times: X1
X3
BRI1W X4
G0$392:66 X5
X6
X7 Yes
X8= Yes
X9
FS1W+ X10
LI1W X11
1§262:780 X12
X13
X14
X15
Xl16
X17
X18=
Xl1¢g
X20 : Yes
Tv 26,4960 hours
Reservoir storage voluntes: Sk-1)= 68.5000 ML S(min) =
Sk = 109.1000 ML S{max) =
Fixed valve transfers; FvTv= 40.6000 ML
Water consumption: = 31.4233 ML
FvTv+ Vk= 72.0233 ML
HurdmanlE: 61.8000 ML
Rillings2C: 7.4346 ML
CH2W: 0.0000 ML
[ Total = ::::741:2580: ML i
Total water pumped: BRIW XQ: 53.0000
LI/FS1W: 66.5614
FS1W XQ: 21.6965
L XQ= 1114112579 ML ]
Are
Conditions
Met?
Constraints Yes
Yes
Yes
Yes
Yes
Yes
Yes

. 685

10901

Figure 5.27- Carlington Heights Branch Level I Optimization - Winter Night

with CH2W Offline



Is the Pump
Objective function: fe)="_ 666.65 3 Used?
Pumping times: Xt=: 1 10,0000 hours
X2=2".7 70,0000 hours
X3=_ : :0.0000 hours
BRIW X4="""_0.0000 hours
$0.00 - X5=" 10,0000 hours
X6=" :0.0600: hours
FSIW +
LI1W
. $0.00
Yes
Yes
FS1W
-$666.65 Yes
: Yes
X20 ) hours
Ty = i:i:6.4960 hours
Reservoir storage volumes: Sk-1)= 109.1000 ML S(min) =
S5(k) = 68.5000 ML S(max) =
Fixed valve transfers: Fviv= 40.6000 ML
Water consumption; Vk= 88.4204 ML
Vk-FvTv= 47.8204 ML
HurdmanlE;: 27.4300 ML
Billings2C: 30.0880 ML
CH2W: 0.0000 ML
| Total = ::::105:3384 ML |
Total water pumped: BRIW X 0.0000
LI/FS1W: 0.0000
FS1W XO: 105.3384
| XQ =:i::1:105:3384: ML |
Are
Conditions
Met?
Constraints Yes
Yes
Yes
Yes
Yes
Yes

Figure 5.28- Carlington Heights Branch Level I Optimization - Winter Day
with CH2W Offline
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Figure 5.29 - Glen Cairn/Stittsville Branch Energy Costs for Typical Summer and
Winter Days
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Figure 5.30 - Glen Cairn/Stittsville Branch Energy Costs per Unit Operating Volume
for Typical Summer and Winter Days
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Figure 5.31 - Glen Cairm/Stittsville Branch Total Costs for a Typical Summer Day
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Figure 5.32 - Glen Cair/Stittsville Branch Total Costs in an Hypothetical Case
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Figure 5.33 - Glen Cairn/Stittsville Branch Impact of Increasing Demand
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Figure 5.34 - Glen Cair/Stittsville Increasing Demand with Increasing Operating Volume
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Figure 5.35 - Carlington Heights Branch: Impact of Increasing Pipe Constraint - Summer
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Figure 5.36 - Carlington Heights Branch: Impact of Increasing Hurdman Bridge
RIE Reservoir Operating Volume and the Pipe Constraint - Summer
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Figure 5.37 - Carlington Heights Branch: Impact of Increasing Billings Bridge

R2C Reservoir Operating Volume and the Pipe Constraint - Summer
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Figure 5.38 - Carlington Heights Branch: Impact of Increasing Billings Bridge
R2C Reservoir Operating Volume - Summer
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Figure 5.39 - Carlington Heights Branch: Impact of Increasing Watcr Demand - Summer
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HURDMAN BRIDGE BRANCH

Level I LP Formulation for "Optimizer"

Summer Night

Summer Day

Cl

Hurdman Bridge 1E k=1 Summer Hurdman Bridge 1E k=2  Summer
Solution Celt Night Solution Celf- . Day

+D149 Minimize 0.0000; {+D19% Minimizs 0.0000
Variable Cells Varisble Cells. . .0 7
@COUNT(D150..D152) @COUNT(D192.D194) = . L
@COUNT(D150.D150)  >= 0.0000| |@COUNT(D192.D192) >= 0.0000
@COUNT(D151.DISI)  >= 0.0000} |@COUNT(D193.D193)  >= 0.0000
@COUNT(D152.D152)  >= 0.0000| |@COUNT(D194.D194y  >= 0.0000
@COUNT(C163.C163) = 8.0000| |@COUNT(C205..C205) <= 16.0000
@COUNT(C164.C164) = 0.0000| |@COUNT(C206..C206). - = - 0.0000
@COUNT(C165..C165)  >= 51.9000| |@COUNT(C207..C207). . >= 51.9000
@COUNT(C166,C166) <= 89.7000| @COUNT(C208..C208) = <= © . $9.7000
@COUNT(C167.C167) = 89.7000| |@COUNT(C209.€209) = 51.9000
Winter Night Winter Day

Hurdian Bridge 1E k=1 Winter Hurdman Bridge IE k=2 Winter
Solution Cell Night Solution Cell - - Day

+D243 Minimize 0.0000{ |+D286 Miniziize 0.0000
Variable Cells ‘ Variable Cells o o
@COUNT(D244..D246) @COUNT(D287..D289) - _
@COUNT(D244..D244)  >= 0.0000| |@COUNT(D287.D287) >= 0.0000
@COUNT(D245.D245)  »>= 0.0000| |@COUNT(D288.D288) >= 0.0000
@COUNT(D246..D246)  >= 0.0000| |@COUNT(D289.D289) >= 0.0000
@COUNT(C259..C259) = = 8.0000] @COUNT(C300.C300) <= 16,0000
@COUNT(C260..C260) = 0.0000| [@COUNT(C301.C301) = " © 0.0000
@COUNT(C261..C261) >= 41.7000 @COUNT(C302.C302) >= " 41,7000
@COUNT(C262.€262) <= 89.7000| |@COUNT(C303.C303) <= 89,7000
@COUNT(C263..C263) =, 83.0846] |@COUNT(C304.C304) @ = 48.3154




BILLINGS BRIDGE BRANCH
Level I LP Formuiation for "Optimizer"

Summer Night

Summer Day

Billings Bridge 2C k=1 Summer 'Bitlings Bridge 2C k=2  Summer
Solution Cell Night Solution Celi Day
+D1i56 Minimize 0.0000 +D214 Minimize 0.0000
Variable Cells Variable Cells
@COUNT(D157.D166) @COUNT(D215..D22:h
Constraints Constraints
@COUNT(D157..D1537y  »= 0.0000 @COUNT(D215.D215) == 0.0000
@COUNT(D158..D158) >= 0.0000 @COUNT(D216..D216) e 0.0000
@COUNT(D159..DI159) == 0.0000 @COUNT(D217.D217y  ~- 0 OO0
@COUNT(D160..D160) »= 0.0000 @COUNT(D218. D218y~ 0.0000
@COUNT(D161..DIs61}  »= 0.0000 @COUNT(D219.D21%) : 0.0000
@COUNT(D162.Did2) = 0.0000 @COUNT(D220..D220) e 0.0000
@COUNT(D163..Di63)  >= 0.0000 @COUNT(D221..D221y == 0.0000
@COUNT(D164.D164H  >= 0.0000 @COUNT(D222. D222y 10,0000
@COUNT(D165.D165)  >= 0.0000 @COUNT(D223.D223) == {1 0000
@COUNT(D166..D166)  »= 0.0000 @COUNT(D224.D224y = 1.0000
@COUNT(C177..C177) = 6.0000 @COUNT{C235..C235) = 18.0000
@COUNT(C178..C178) = 0.0000 {@COUNT(C236..C236) = 0.0000
@COUNT(C179..C179 »= 2.3000 @COUNT{C237..C237 = 2.3000
@COUNT(C180..C180) <= 3.4000 @COUNT{C238..C238) <= 3.4000
@COUNT(C181..Ci8H = 3.4000 I@COUNT{C239..C239) = 2.3000
Level 11 LP Formulation for "Qptimizer"
Summer Night Summer Day
Solution Celi Night  Summer Solution Ceti Day Summer
+E207 Equal 0.6000 +F289 Equal 0.0000
Variable Cells Variable Cells
{@COUNT(B201..C206) @COUNT(B271..D288)
Constraints Constraints
@COUNT(B201..C206) »= 0.0000 @COUNT(B271..D2883) s 0.0000
@COUNT(E201..E206)  >= 0.0000| |@COUNT(F271.F288) <= 0.0000
@COUNT(D201.D206) = 1.0000 @COUNT(E271. E288) “= 1.0600
@COUNT(B207..B207) = 4.8000 @COUNT(B2389) = 3.0978
@COUNT(C207..C207) 1.2000 @COUNT(C289) = 5.4662
@COUNT(D289) = 87225




Level I LP Formulation for "' Optimizer"

Winter Night

Winter Day

C3

Constraints
- H@COUNT(D302..D302)

@COUNT(D303..D303)
@COUNT(D304..D304)
@COUNT(D305..D305)
@COUNT(D306..D306)
@COUNT(D307..D307)
@COUNT(D308..D308)
@COUNT(D309..D309)
@COUNT(D310..D310)

(Y

\ AR
ll\l{lill}{

@COUNT(D348..D348)
@COUNT(D349..D349)
@COUNT(D350..0350)
@COUNT(D351..D351)
@COUNT(D352..D352)
@COUNT(D353..D353)
@COUNT(D354..D354)
@COUNT(D355..D355)
@COUNT(D356..D356)
(@COUNT(D357..D357)

Level IT LP Formulation for "Optimizer"

Winter Night

Not necessary

Constraints
@COUNT(B404..C421)
@COUNT(E404..E421)
@COUNT(D404..D421)
@COUNT(B422)
COUNT(C422)

0.0000

0.0000
1.0000
3.4512
14.0880




CARLINGTON HEIGHTS BRANCH
Level I LP Formsulation for "Optimizer"”

Summer Night

Summer Day

Carlington H ights 1W

Constramts

@COUNT(D288..D288) >= 0.0000
@COUNT(D289..D289)  >= 0.0000
@COUNT(D290..D290)  >= 0.0000
@COUNT(D291.D291)  >= 0.0000
@COUNT(D292.D292)  >= 0.0000
@COUNT(D293..D293)  >= 0.0000
@COUNT(D294.D294)  >= 0.0000
@COUNT(D295..D295)  >= 0.0000
@COUNT(D296..D296)  >= 0.0000
@COUNT(D297.D297)  >= 0.0000
@COUNT(D298.D298)  >= 0.0000
@COUNT(D299..D299)  >= 0.0000
@COUNT(D300..D300)  >= 0.0000
@COUNT(D301..D301)  >= 0.0000
@COUNT(D302..D302)  >= 0.0000
@COUNT(D303..D303)  >= 0.0000
@COUNT(D304..D304)  >= 0.0000
@COUNT(D305..D305)  >= 0.0000
@COUNT(D306..D306)  >= 0.0000
@COUNT(D307..D307)  >= 0.0000

@COUNT(D308

Car’mgton Helghts 1w

Constramts

@COUNT(D371..D371)
@COUNT(D372..D372)
@COUNT(D373..D373)
{@COUNT(D374..D374)
@COUNT(D375..D375)
@COUNT(D376..D376)
@COUNT(D377..D377)
@COUNT(D378..D378)
@COUNT(D379..D379)
{@COUNT(D380..D380)
{@COUNT(D381..D381)
@COUNT(D382..D382)
@COUNT(D383..D383)
@COUNT(D384..D384)
@COUNT(D385..D385)
@COUNT(D386..D386)
@COUNT(D387..D387)
@COUNT(D388..D388)
@COUNT(D389..D389)
@COUNT(D390..D390)

Sz
=
=
=
=
=
=
=
e
=
>=
n=
e
=
=
=
=
=
=
=

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
‘16, 0000

Level I LP Formulation for "Optimizer"

Summer Night

Summer Day

Constraints

@COUNT(B355..C362)  »>= 0.0000
@COUNT(B355..C362) <= 1.0000
@COUNT(E355.E362)  >= 0.0000
@COUNT(D355..D362)  >= 1.0000
@COUNT(B363.B363) = 8.0000
@COUNT(C363..C363) = 8.0000

Constramts

@COUNT(B446..C461)
(@COUNT(B446..C461)
{@COUNT(E446..E461)
@COUNT(B462..B462)
{@COUNT(C462..C462)

I "II}’I}H

0.0000
1.0000
0.0000
9.8428
16.0000

C4



Level I LP Formulation for "Optimizer"”

Winter Night

Winter Day

Carlington Heights W
Solution Cell -7
+D470

Vatiable, Cells:
@COUNT(D471..D:
Constraints
@COUNT(D471..D471) >= 0.0000
@COU’NT(D472..D472) = 0.0000
@COUNT(D473..D473) >= 0.0000
@COUNT(D474..D474) = 0.0000
@COUN’I’(D475..D475) = 0.0000
@COUNT(DD476..D476) >= 0.0000
@COUNT(D477..D477) = 0.0000
@COUNT(D478..D47S) e 0.0000
@COUNT(D479..D479) > 0.0000
@COUNT(D480..D480) = 0.0000
@COUNT(D481..D481) o= 0.0000
@COLNT(D482..D482) >= 0.0000
@COUNT(D483..D483) = 0.0000
@COUNT(D484,.D4Rd)  >= 0.0000
@COUNT(D485.D485)  >= 0.0000
@COUNT(D486..D486) D= 0.0000
@COUNT(D487..D487)  >= 0.0000
@COUNT(D488..D488) = 0.0000
{@COUNT(D489..D439) = 0.0000
@COUNT(D490..D490) = 0.0000
o=

@COUNT(D451..D491) 0.0000

Constraints

@COUNT(D554.D554)  >= 0.0000
@COUNT(DS55..D555) >= 0.0000
@COUNT(D556..D556) >= 0.0000
@COUNT(DS557..D557) = 0.0000
@COUNT(D558..D558) >= 0.0000
@COUNT(D559..D559) >= 0.0000
@COUNT(D560..D560)  >= 0.0000
@COUNT(D561..D561) > 0.0000
@COUNT(D562..D562)  >= 0.0000
@COUNT(D563..D563) >= 0.0000
@COUNT(D564..D564) >= 0.0000
@COUNT(D565..D565) >= 0.0000
@COUNT(DSGG..DSGG) = 0.0000
@COUNT(D567.. D567 >= 0.0000
@COUNT(D568..D568) = 0.0000
@COUNT(D3569..D569) >= 0.0000
@COUNT(D570..D570) >= 0.0000
@COUNT(DS571..D571) == 0.0000
@COUNT(D572.D572) >= 0.3000
@COUNT(D573..D573) >= 0.0000

D574} >

@COUNT(DS74., 0.0000

Level 11 LP Formulation for "Optimizer"

Winter Night

Not necessary

Winter Day

@x

Constraints

@COUNT(B627..C642,E627 >= 0.0000
@COUNT(G627..G642) >= 0.0000
@COUNT(G627..G642) <= 1.0000
@COUNT(H627..H642) < 0.0000
@COUNT(B643..B643) = 3.1030
@COUNT(C643..C643) = 0.7715
@COUNT(D643..D643) o 3.9615
@COUNT(ES43..E643) = 2.3928
@COUNT(F643..F643) = 5.7712




GLEN CAIRN/STITTSVILLE BRANCH

Level I LP Formulation for "Optimizer"

Ceé

Summer Night Summer Day
GlenCairn 2W k GlenCairn 2W k=2 Summer
‘ Solution'Celt' - DAy
+ Minimize: - 0.0000
_ © @COUNT(D287.D298) -
Constraints Constraints
@COUNT(D213..D213) >= 0.0000 @COUNT(D287..D287) = 0.0000
@COUNT(D214.D214)  >= 0.0000| |@COUNT(D288.D288) >= 0.0000
@COUNT(D215..D215) >= 0.0000 @COUNT(D289..D289) = 0.0000
@COUNT(D216..D216) >= 0.0000 @COUNT(D290..D290) >= 0.0000
@COUNT(D217.D217) >= 0.0000 @COUNT(D291..D291) >e= 0.0000
@COUNT(D218..D218) D= 0.0000 @COUNT(D292..D292) >= 0.0000
@COUNT(D219..D219) >= 0.0000 @COUNT(D293..D293) >= 0.0000
@COUNT(D220..D220) >= 0.0000 @COUNT(D294..D294) o= 0.0000
@COUNT(D221..D221) >= 0.0000 @COUNT(D295,.D295) = 0.0000
@COUNT(D222.,.D222) >= 0.6000 @COUNT(D296..D296) >= 0.0000
@COUNT(D223.D223)  >= 0.0000] |@COUNT(D297.D297) >= 0.0000
@COUNT(D298.D298)  >= 0.0000
@COUNT(C317.€317) | <= = . 16,0000
@COUNT(C318.C318) . 16,0000
. 0.0000
©+123.8000
- 6.8000
- 38.7000
- .19.5000
S 1123.8000
S 6.8000
Level IT LP Formulation for "'Qptimizer"
Summer Night Summer Day
--:Day. - Summer

@

Constraints

Equai = ~0.0000

@COUNT(B272..C279)  >= 0.0000| |@COUNT(B355.C370) >= 0.0000
@COUNT(E272.E279)  >= 0.0000| |@COUNT(B355.C370) <= 1.0000
@COUNT(D272.D279) = 1.0000| J@COUNT(E355.E370) <= 0.0000
@COUNT(B280..B280) = 32429 [@COUNT(B371.B371) = 7.7566
@COUNT(C280..C280) = 47571] |@COUNT(C371.C371) = 16.0000




Level I LP Formulation for ""QOptimizer"

Winter Night

Winter Day

C7

GlenCalm 2W Winter

@COUNI'(D380 D391y
Constraints
@COUNT(D380..D380) >=
@COUNT(D381..D381) >=
@COUNT(D382..05382) >=
@COUNT(D383..D383) >=
{@COUNT(D384..D384) D=
@COUNT(D385..D385) >=
@COUNT(D386..D386) ==
@COUNT(D387..D387) >=
@COUNT(D388..D388) =
@COUNT(D389..D389) >=
@COUNT(D390..D390) D=

GlenCairn 2W

Constramts
@COUNT(D454..D454)
@COUNT(D455..D455)
@COUNT(D456..D456)
@COUNT(D457.D457)
@COUNT(D458..D458)
@COUNT(D459..D0459)
@COUNT(D460..D460)
@COUNT(D461..D461)
@COUNT(D462..D462)
@COUNT(D463..D463)
@COUNT(D464..D464)

Level 11 LP Formulatien for "Optimizer"

Winter Night

Winter Day

Sohition Cell:

Constra nts

@COUNT(B439..D446)  >= 0.0000
@COUNT(B439.D446) <= 1.0000
@COUNT('439.F446)  >= 0.0000
@COUNT(E439.E446)  >= 1.0000
@COUNT(E439.E446) <= 2.0000
@COUNT(B447.B447) = 7.1026

Constraints

@COUNT(B522..C537)
@COUNT(B522..C537)
@COUNT(D522..D537)
@COUNT(ES522. E537)
@COUNT(B533..B538)

@COUNT(C538..C538)

0.0000
1.0000
2.0000
0.0000
3.2292
16.0000




BARRHAVEN SUB-BRANCH
Level I LP Formulation for "Optimizer"

Summer Night

Summer Day

Cs

Barrhaven k=1 Summer Ban’haven” 7 L = 2 Summer
oo Day i
...... + ~“Minimiize - 0.0000

{ @c {D189.D201,

Constraints Constraints

@COUNT(D146.D146)  >= 0.0000| [@COUNT(DI189.DI89) >= 0.0000
@COUNT(D147.D147)  >= 0.0000| |@COUNT(D190.D190) >= 0.0000
@COUNT(D148.D148)  >= 0.0000| |@COUNT(D191..D191) = 0.0000
@COUNT(D149.D149)  >= 0.0000{ |@COUNT(D192.D192) >= 0.0000
@COUNT(D150.D150)  >= 0.0000] |@COUNT(D193..D193) = 0.0000
@COUNT(D151..D151)  >= 0.0000 @COUNT(D194,.D194)  >= 0.0000
@COUNT(D152.D152) >= 0.0000| |@COUNT(D195.D195) >= 0.0000
@COUNT(D153.D153) >= 0.0000| |@COUNT(D196.DI196) >= 0.0000
@COUNT(D154..D154)  >= 0.0000| |@COUNT(D197.DI197) >= 0.0000
@COUNT(D155.D153)  >= 0.0000| |@COUNT(D198.DI198) >= 0.0000
@COUNT(D156.D156)  >= 0.0000| [@COUNT(D199.D199) >= 0.0000
@COUNT(D157.D157) >= 0.0000| |@COUNT(D200.D200) >= 0.0000
T(D201..D201) ~ >= 0.0006
(C208.C208) - = ~18.0000
@COUNT(C209..C209) i1  =' . 0.0000

Level II LP Formulation for "Optimizer"

Summer Night

Not necessary

@COUNT(B241..C258
Constraints
(@COUNT(B241..C258)
@COUNT(E241..E258)
@COUNT(D241..D258)
(@COUNT(B259)
@COUNT(C259)

+Day - Suminer

Equsl 0,000

0.0000
0.0000
1.0000
2.7790
152211




Level 1 LP Formulation for "Qptimizer"

Winter Night

Winter Day

C9

Barrhaven

Sohution Cell: =

D270 ¢

Variable Cells’ :

@COUNT(D271:D283)

Constraints

@COUNT(D271..D271) >= 0.0000
@COUNT(D272 .D272) >= 0.0000
@COUNT(D273.D273) »>= 0.0000
@COUNT(D274..D274) >= 0.0000
@COUNT(D275..D275) B= 0.0000
@COUNT(D276..D276) i 0.0000
@COUNT(D277.D277) >= 0.0000
@COUNT(D278..D278)  >= 0.0000
@COUNT(D279..D279) = 0.0000
@COUNT(D280..D280) >= 0.0000
@COUNT(D281..D281) >= 0.0000
@COUNT(D282..D282) >= 0.0000
@COUNT(D283..D283)  >= 0.0000

@COUNT(C290..€29
@COUNT{C29).iC291):

Barrhaven

@ 26)
Constraints

@COUNT(D314..D314)
@COUNT(D315..D315)
@COUNT(D316..D316)
@COUNT(D317.D317)
@COUNT(D318..D318)
@COUNT(D319..D319)
@COUNT(D320..D320)
@COUNT(D321..D321)
@COUNT(D322..D322)
@COUNT(D323..D323)

@COUNT(D324.D324) -

@COUNT(D325.D325)

Level IT LP Formulation for "Optimizer"

Winter Night

Not necessary

Coﬁstramts h

@COUNT(B366..C383)
@COUNT(E366..E383)
@COUNT(D366.D383)
@COUNT(B384)
@COUNT(C384)

0.0000

0.0000
1.6000
1.6485
16.3516
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@TTAWA:HYDRO '
1994 COMMERCIAL RATES !
-(Thare was no rate Increase for 1984)

GENERAL SERVICE (less than 2000 kW):

DEMAND CONSUMPTION '

1'STkW - - 50 N/C 1'STkW.h 250  $0.0803
NEXT kW - 4950 $5.06 NEXT kW.h 12250  $0.0765
ALL ADD'N . $13.20 NEXT kW.h 1983800  $0.0562

ALL ADD'N $0.0358

GENERAL SERVICE TIME—OF—USE (2000 ~ 5000kW):

WINTER =~ = " SUMMER
On—-Peek* Off-Peak On-—Peak* Offi—Peak

0o

DEMAND

1STKW - . 50 N/C N/C N/C N/C

NEXT kW - 4550 - $5.40 N/C $420 = N/C

~ ALLADDN - . $1528 NG %1114 N/C

. CONSUMPTION AP o

1STKW.h 250  $0.1261  $0.0345 $0.1040  $0.0237

NEXT kW.h 8625  $0.1256  $0.0345 $0.1019  $0.0237

. NEXT kW.h 1184000  $0.0863  $0.0345 $0.0713  $0.0237

ALL ADDN $0.0469  $0.0345 $0.0406  $0.0237

LARGE USER TIM;—OF—USE {over 5000kW): B
WINTER  (October to March) _ SUMMER  (April to September)

On-Peak* $15.50 for all kKW On-—Peak?* $11.32 for all kW
$0.046% for all kWh £0.0406 for all kWh
Oft —Peak $0.0345 for all kWh Qlf—Peak $0.0237 for all kWh

GENERAL SERVICE RESTRIGTED HOUR:
Outside Restricled Hours **.... 1/3 off the following rales:

DEMAND CONSUMPTION
0-5000 kW $5.05 . Alt kWh $0.0562

All Add'n $13.20

GENERAL SERVICE T.0.U. RESTRICTED HOUR (2000 — 5000kW):
Oulslde Restrictad Hours **.... 1/3 off the following rates:

WINTER SUMMER
On-Peak* Off—Peak On-Peak* Ofi—Peak

DEMAND :
0~5000 kW $5.40 N/C $4.20 N/C
All Add'n §18.25 - N/C $11.14 N/C
CONSUMPTION

Al KWh $0.0863  $0.0345 $0.0713  $0.0237

LARGE USER T.0.U. RESTRICTED (mfer 5000 kW):
Outside Restricted Hours **..... 1/3 off the Large Userrates above.

RESTRICTED PENALTY For ALL Restricted Accounts, during restricted hours.

WINTER (October lo March) SUMMER {April to September)
$18.39 {or all kW $13.43 for ali kW
$0.0440 for all kWh $0.0384 for all kWh
Notes:

**0n—Peak" Time Is defined as weskdays from 7:00 a.m to 11:00 p.m, except for
statutory holldays. All other imes are considered "Off- Peak" hours,
«s Rstricted hours are those deflned on the accompanying “Schedule of Restricted Hours"
Statutory hotidays are those defined on the “Schedule of Statutory Holidays",



HYDRO RATES

1994
UTILITY 1ST BLOCK 2ND BLOCK 3RD BLOCK BALANCE DEMAND
cents/kWh cents/kWh cents/Kwh cents/Kwh OVER
50kw
\Y\ o T S/kW
A ) —_— /,/ ‘.‘
\ - OTTAWA (=250 /1,983,900
B 8.03 \ 5.62 J 3.58 5.05
. \‘l =
S b
KANATA 250 12,250 1,632,800
11.80 8.00 5.79 3.58 5.50
GLOUCESTER 250 12,250 2,004,600
11.08 7.57 5.58 3.58 4.95
_ T TN
8 i ; D N 2 2 \j
C“““HKNEPEAN 250 12,250 2,129,000 !
- 10.20 7549 ' 5.54 3.58 4.85
\_’_ . // L
p \\ \\ : -
GOULBOURN 250 12,250 -
13.43 8.42 6.00 6.05
ONTARIO 250 12,250 1,130,000
22.60 8.65 6.08 3.58 6.45




SERVICE FOR ACCOUNT BIUMPLR )
_—~Ottawa Hydro —
' 3025 Alblon Hoad / Chemin Alblo -
Exfgﬁyahﬁ/(ﬁf?%b? e P/R-0000 LEMIEUX ISLE 49-347171-9
(o1h Tananty oo SERVICE POUR NUMERO DE COMPTE y
GST # R119321529 : ™)
DRI vy
25H 1A mcm,\r-ni-l AUG 16 93
WHﬁTﬂ'ﬁHHiﬂdTﬁhTFLT?Hf‘ 36,460.17
REG MUN OTTAWA CARLETON ‘ o
FIMAMCIAL SERV SUPERVISOR 5773 X oo 38,283.18
351 CLYDE, OQTTAWA
K1Z 5A6
<49347171959308167000036460177000038283183>
LLO0O0EwQO e 0019w 096 _////ZEAJO/
QJ /
l
Ouawa l_lydro RILLING DATE SERVICE T ROM SIGICE TO DU DAL M
3025 Albion Road /7 Chemin Albion
L0, Box 8700 7 C.1. 8700 25H AlJG 03 93 JUN 30 93 JUR 31 93 AUG 16 93
Onawa, Ontinlo K16 354
{613} 7386113 DATE DE FACTURATION SERVICE LU SERVICE AU DAL DO A,
- SERVICE YOR ACCOUNT NUMBER KW b T ATING LW Iy CONSUMP|ION NO.OFBAYS | AUG. KWhDAY
P/R-0000 LEMIEUK ISLE 49-347171-9 31
SERVICE POUR NUMERO DE COMPTE RELEVE kW h CONSOMMATION EN kWb NO. DEJOUNRS | MOY. kiwhintn )

. DESERIPHON: . co0 0y
BROUGHT FORWARD/A REPORTER ./' .00
PREVIOUS BILLING/FACTURE PRECEDENTE  JUN 30 v 25,711.39
PAYMENT(5) RECEIVED/PAIEMEMT RECU Jut, 19 [ / 25,711.39CR
SUB-TOTAL/SOUS~-TOTAL = .00
ENERGY CHARGES/CHARGES D'EMERGIE 48,368,027 . 1¢
DEMAND CHARGES/CHARGES DE DEMANDE 8,831.76—

PEAK DATE/DATE GROS USAGE 93/07/07

PEAK TIME/HEURE GROS USAGE 22140

POWER FACTOR/FACTEUR PUISS. 95.55% KW 2152,80 KvVA 2253.14
SUMMER PURCHASES/ACHATS ETE

e

PEAK KWH/KWH PLUS GROS 481,106) 0y
OFF PEAK KWH/KWH ORDINAIRE 584,568 ST
DEMAND KW/KW DEMANDE 2,152.80
TRANSFORMER CREDIT/CREDIT DE TRANSFORMATEUR 1,291.68CR
TRANSFORMER LOSS/PERTE DE TRANSFORMATEUR 572,00CR
RESTRICTED HOUR DISCOUNT/RABAIS D'ENERGIE 18,875.93CR
GST EXEMPTION NUMBER GOVERNMENT .00
FEQUAL PAYMENT INFORMATION / PAIEMENT MENSUEL GST # R119321529
BILLEDRD TO DATE PAYMENT TO DATE BAL ANCE
$ $ %
FACIUIRES A CE JOUR PAIEMENT A CE JIMIR S bE
NIRRT ; . O BUE DATTE: )
< e e T 38,983,018 Wﬁﬂﬁ}RUEH?MaﬁhﬂﬂﬂHH:[? 36,460.17
2 Y0549

RETAIN THIS TPORTION FOR YOUIR RECORDS 7 PRITHE DI CONSERVERR POLIR VOS DOSSH RS 3{ 750.72



R L N NI N TR

U NTNTIE

. i e AT COURT NIRRT 1 o
P pion Tosd pChemin Alblon P/R-0000 BRITANNIA PSTN 49-349194-9
:gl:g;v;ng},"?;ig KIG 354 SERVICE PO NUMURO DE COMPTE y
GST # R119321529 T e
25H TR ! AUG 16 93
SR e e { 63,852.29
REG MUN OTTAWA CARLETOM o T
FINANMCIAL SERV SUPERVISOR 21750 X Y 67,044.90
951 CLYDE, OTTAWA
K1Z 9A6
<4934919&92930816?000063852295000067044900)
- i
£L000Ew00 21 0N L™ L0rYE \] L/k}/
Oltawa l-]ydro HIELING DATE SERVICE 11208 SERVICT 10y T
3025 Albion Road /7 Chemin Albion
P.O. Box 8700 / C.P. 8700 25K | AUG 03 93 JUN 30 93 JUL 31 93 | AUG 16 93
Ditawa, Onario  K1G 354
(613) 738-6113 DATE DE FACTURATION SLIVICE DU SERVICE ALY LR LN
. enwunon ACCOUNT NUMBETR W D FIFADING WW I CONSUNPIION N AL DAYS | AVE R LDy )
B/R- 00 0 BRITANNIA PSTN 49-349194-¢ 31
ERVICE POUR NUMERO DE COMPTE REIEVE MVh CONSOMMATION EN KW | NO.BE JOURS | MOY. W ki |
__DESCRIPTION . .. - Lo ] AMBUNT | MOUNTANT
BROUGHT FORWARD/A REPORTER 00
PREVIOUS BILLING/FACTURE PRECEDENTE JUN 30 52,330.40
PAYMENT(S) RECEIVED/PAIEMENT RECU JUL 10 52,330.40CR
SUB-TOTAL/50U5-TQTAL 00
ENERGY CHARGES/CHARGES D'EMERGIE 85,061.17
DEMAND CHARGES/CHARGES DE DEMANDE 14,970.48 -
PEAK DATE/DATE GROS USAGE 93/07/09
PEAK TIME/HEURE GRQS USAGE 17:50
POWER FACTOR/FACTEUR PUISS. 92.77% KW 3614.40 KVA  3896.24
SUMMER PURCHASES/ACHATS |
PEAK KWH/KWH PLUS GROS 823, 237% d g ay
OFF PEAK KWH/KWH ORDINAIRE 1, 103 5223 /.74, 7%
--DEMAND KW/KW DEMANDE 3 614 40 SRyl
TRANSFORMER CREDIT/CREDIT DE TRANSFORMATEUR 2,168.64CR
TRANSFORMER 10SS/PERTE DE TRANSFORMATEUR T 1,000.26CR
RESTRICTED HOUR DISCOUNT/RABAIS D'ENERGIE 33,010.46CR
G5T EXEMPTION NUMBER GOVERMMENT .00
EQUAL PAYMENT INFORMATION / PAIEMENT MENSUEL GST # 1119321529
BITLED TO DATE PAYNENT T3 DAL BALANCT
$ $ $
_ FACIURES A CE JOUR PAIEMENT A CE JoUR SOLDE
"R OE ':;lwi”le:L- 67,044.90 WS“KHﬂﬁHﬂ:ﬂHKTLTVL??H' 63,852.29
BINTANRY P10 Pestrptzset [NATE R AT R I LT R Y AT RY)



"F | _ . SERVICE £ ‘ ALTULNT ALMBES
. Ottawa Hydro ,( e e ]

Bpaﬂu u?«”w . B/R-30C¢ LEMIEUXR I5.Z R E )
U”a“'" Unezny RG2S SERVICE MULHA SUCSERLD TIE IOMEYE
,613: 738 bqla et 1 L TV L W Y £} . L CRn R My J
GST » R119321529 I
e l‘
|
AMUL N O SRR

‘,',_“.;.,\\ F)L.\DA:"F—CF‘L 32,411.63(:?&

REG MUN OTTAWA CARLETON
ENVIRONMENTAL SERVICE DEPT

2FLR-111 LISGAR ST. OTTAWA ey L . 32,411,63CR
BLOD0SwOS i ST aSw el 4G - f‘.’i‘J

Cttawa Hydro T ELLiNG daTE SEAVICE FROM ¢ SeiwMWE L oA
3025 Albicn Road . Chemin Albian
P Q. Box 8700 - C.7. 5700

Oy, Onrarie K16 384 FEB 0! 23  DEC 31 92  JAN 231 93
GST # R119321529 h:a:re DE FACTURATION . AERVICE ZL ‘ SERWICE AU PopaTIDECHEANCE
4 )J:N'VI(E R ~. } ACTCULNT NUMEER DA REASRG AL RSLNETION TN CEDATE A0 RWADAY
: ; ‘ /
P/ 0000 LEMIEUX }SLE : 49-347171-9 ! yd
SERVICE FOLR | . NUMERO DE JOMPTE . RELTVEWR oAl N D Dl GEIDORG TNV WRAIOLR

BROUGHT FORWARD/A REPORTER 68,144.58CR

PREVIOUS BILLING/FACTURE PRECEDENTE DEC 31 ©51,768.10
PAYMENT (S) RECEIVED/PAIEMENT REGU JAN 18 51,768.10CR
SUB-TQTAL/SOUS-TOTAL — 3 2077 68,144.53CR
ENERGY CHARGES/CHARGES D'ENERGI , . 44,936.80

DEMAND CHARGES/CHARGES DE DEMANDE ¢ 11,121.84
PEAK DATE/DATE GROS USAGE g 1/06 :
PEAK TIME/HEURE GROS USAGE 11:55 :
POWER FACTOR/FACTEUR PUISS. 93.08% KW Jl_"9 §UYKVM22266 .36

WINTER PURCHASES/ACHATS HIVER [ THSFORTATAN DERMATET ¢

PEAK KWH/KWH PLUS GROS 331,648 % 22 f —; !

OFF PEAK KWH/ KWH ORDINAIRE 465,080) 74” ;

DEMAND KW/KW DEMANDE 2,109.60 O s 4 b
TRANSFORMER CREDIT/CREDIT DE TRANSFORMATEUR S 1593 | 1,265.76CR
TRANSFORMER LOSS/PERTE DE TRANSFORMATEUR =g ! 560.57CR
RESTRICTED HOUR DISCOUNT/RABAIS D'ENERGIE!Z:z3ig s ;. 18,499.36CR
GST EXEMPTION NUMBER GOVERNMENT e .00

P ;
g :
EQUAL PAYMENT INFORMATION * PAIEMENT ‘leN:EGTr... *“ :
| (_ ALLED TO DATE . PAYMENT T DATE BAlLNCE ‘\
| i
s ; : |
. L PACTURES A CEJOLR ; PAILMENT A CE JULN SULDE _)_
SPRERTEI]  320411.63CK m-”[ 32,411.63CR

RETAIN THIS PORTION FOR YOUR RECORDS PRIERE DE CONSERVER POUR VOS DOSSIERS - -7§ a
TS5 L g2



._O H Wa Hydro- . rl- SERVICE FOR : ACooLND NLMAER }
PNRT st Reaz Thev b -

o iy TR © 0 2/R-0000 BRITANNIA FIIN 33-339104-9
\_}[.;u.... ‘ _‘. 'nl(_ \I‘:‘T I e ~ . . - H
613 738 a*t" K rEEVICE foen vLMoRL E amnp _;'
1 2 '
GST = R119321529 i j
FEB 16 93

SUAATE AT A DaTh LR L 19 , 606.10 i

REG MUN OTTAWA CARLETCHN y

ENVIRONMENTAL SERVICE DEPT

2PLR=-111 LISGAR ST. OTTAWA . 20,586.41
R2P 2L7
- —m ee oo s m o s -
GLOOCew o ot IR T L LY R 1:(/' . )Tl/.\
Ottawa HydrO T EILNG -E e ~EE N
3023 Albion Raad . Chemin Albien II , “
s, Onparto H1G 552 ‘ +"31 92 JAY 31 93 FEB 16 93 !
mawa, Onta K10 354 v Sl s pJ JAN 31 93 : S
T gseeas A e L s
GST R119321529 DALE DE FALTURATION TSERVICE OO ALAVLL AL DATE 2 oAy
5 CEFOR ~ ; Al NLMELR ' '_.‘ Y N IR Y EORTRI S o
l i /
P/R-0000 BRITANNIA ISTN  49-349194-9 /.
SERVICE POUR ‘ xtntmhuecamﬁri ,; HelotE oLt TNl e s PN o

| BROUGHT FORWARD/A REPORTER 43,668.22CR
PREVIOUS BILLING/FACTURE PRECEDENTE DEC 31 57,509.63
PAYMENT(S) RECEIVED/PAIEMENT REC JAN 18 57.505.63CR
SUB~TOTAL/SOUS-TOTAL p ] 43,668.22CR
ENERGY CHARGES/CHARGES D'ENERGIE A L 80,410.12
DEMAND CHARGES/CHARGES DE DEMANDE ST, 18,644.36

PEAK DATE/DATE GROS USAGE 93/01/28
PEAX TIME/BEURE GROS USAGE 22:45
POWER FACTOR/FACTEUR PUISS. B7.559% KW 3412780 xyr 38%io4—

WINTER PURCHASES/ACHATS HIVER R K
PEAK KWH/XKWH PLUS GROS 606,063/ : i
OFF PEAK KWH/ KWHE ORDINAIRE 806,857) 4¥/1,%%° =
DEMAND KW/KW DEMANDE 3,502.66 Ree |
TRANSFORMER CREDIT/CREDIT DE TRANSFORMATEUR c€3 ¥ 1688 2,101.60CR
TRANSFORMER LOSS/PERTE DE TRANSFORMATEUR ! 990.60CR
RESTRICTED HOUR DISCOUNT/RABAIS D'ENERGIE |- M 1 32,687.96CR
GST EXEMPTION NUMBER GOVERNMENT [=70%0 43 ) -00
o i i
£QUAL PAVAENT INFORMATION PAIRMENT MENSUEL - 1!
] W reD 70 PATE RN MENT 10 DACE, ' i N E \1 '
| By S S
! ~
i L FACTUKES A CE JULR , PAIEMENT A CE JOUR . SULIP {)Jiﬂgg_g A \
K & OF 51"9:45 AE-‘F’\Q!:EL'I!‘A‘IJ Ll:'T) ri\:{f | 20,586.41 :‘P&%aﬂ.\,a‘fx&: f;%i%a?i Eoifu [-l 9,606.10

s
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