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HYDRO-THERMAL OPERATIONS

IN THE GREATER PACIFIC NORTHWEST

Steven L. Walton


The purpose of this paper is to describe typical operations of power plants in the Greater Pacific Northwest (GPNW)
, i.e, the area covered by the Northwest Power Pool.  Two resource types are currently dominant in the GPNW – hydroelectric plants and base load coal fired plants
.  Capturing the inter-resource diversity has shaped the usage pattern for these resources for both unit commitment and hourly dispatch.  The basic result is that the coal plants cover base-load and hydro plants follow load within their multi-use constraints.  Both bilateral contracts and multi-party agreements have been developed to achieve best use of these resources.  While Columbia River operations require close coordination, the overall process of hydro-thermal coordination is essentially decentralized, accomplished through trading between parties to achieve an efficient outcome.  This paper discusses this activity in three sections.  The first deals with the nature of hydroelectric resources in the GPNW.  This is followed by a section describing the use of contracts to achieve hydro-thermal coordination.  The final section discusses the implications for unit commitment and operations in an RTO environment.

Hydroelectric Resources


The major hydroelectric generating facilities in the Columbia River Basin are shown in Figure 1, including those on the major tributaries – the Willamette, Snake, Kootenay and Pend Orielle Rivers.  The Columbia River storage is located on the Upper Columbia at Grand Coulee in the US and at Mica, Duncan and Keenleyside in Canada.  Of the three Canadian storage dams, only Mica has generation.  These storage facilities manage about 40 million acre-feet, which represent about 30% of annual average flow of 130 million acre-feet.  The downstream plants on the Columbia operate on a run of river basis.  Some of the projects have limited storage, called pondage, which allows shaping of power generation to occur within the operational boundaries imposed by other uses – irrigation, navigation and fisheries.  While there is multiple ownership of the plants in the river, private and public, US and Canadian, best use of the combined investment can only be achieved if the river is operated as if there were one owner, i.e, hydroelectric production is maximized within hydrology constraints without regard for which project produces energy at a given point in time. This one-owner operation of the Columbia system is made possible by a set of agreements – the Columbia River Treaty, the Pacific Northwest Coordination Agreement (PNCA) and the Mid-Columbia Coordination Agreement.  

The construction of the storage facilities in Canada created power benefits for all the downstream projects in the US because of the flexibility created by the regulation of stream flow.  Storage is necessary for flood control, and it also makes it possible to move energy production from the Spring run-offperiods to later times in the year, generating more energy over time for a smaller investment in turbines and generators.  The division of these downstream benefits between the US and Canada is established by the Columbia River Treaty, signed in 1961 and ratified in 1964.  The Treaty enabled the construction of additional storage and enables the equivalent of “one owner” operation across the international border.  The Canadians sold their share of the downstream benefits to the US parties for the first 30 years after completion of these storage projects.  The downstream power benefits began reverting to BC Hydro in 1998 and will completely revert in 2003.  


The PNCA is an agreement between 3 Federal agencies, Bonneville Power Administration (BPA), the Corps of Engineers and the Bureau of Reclamation, and 15 public and private generating facilities
. Because there is no storage below Grand Coulee, once water a volume of water is released from Lake Roosevelt it must pass each dam in the chain until it reaches Bonneville Dam just upstream from Portland, OR.  The time interval between release at Grand Coulee and passage at Bonneville is governed by the physics of water flow along course of the river, with some delay possible at dams with pondage.  Individual generating units along the chain are interdependent.  The PNCA establishes a set of operating rules that determine the joint production of firm energy from the projects, which are party to the agreement.  Operations under the PNCA include annual and monthly plans for release to achieve the objective of maximizing firm energy production.  

The third agreement, the Mid-Columbia Coordination Agreement, covers a smaller number of parties and deals with daily operational coordination of production.  To follow load an hour-to-hour basis through the day, coordinated decisions must be made between owners of individual dams.  .  For the combined set of plants to meet need at any point in time, a complex process must be followed to move production between projects during the day.  

To illustrate this coordination process, consider a simple three dam chain (Top, Middle and Last) with a one-hour transit time between each of the dams.  Further assume that each dam is has a 500 MW capacity and owned by a different party who have equal loads.  In this example, only Top Dam has storage capability while Middle Dam and Last Dam are operated run of river, i.e., they have no pondage.  Figure 2 shows a dispatch of units necessary to meet a typical daily load shape.  The height of each bar in the graph is equal to the combined system load, while the components of each bar show how much is being met from each generator in a given hour.  As load increases at Hour Ending 6:00, Top Dam responds to meet the load.  At 7:00, this water arrives at Middle Dam, whose production jumps, and Top Dam is adjusted downward to meet the balance of the load.  This process continues during the day with Top Dam operating to balance the system.  Note that at 16:00 when the daily peak occurs, Top and Middle Dams are producing 400 MW and Last Dam is producing only 200 MW, yet because the owners equal load, each is taking 333 MW from the system.  An hour later at 17:00, Top Dam produces only 150 MW, while Middle and Last Dam produce 400 MW. Top Dam regulates flow, but Middle and Last Dams extract additional energy from Top Dam’s releases.  Operators must look ahead to expected load in future hours so that the production of three dam chain meets load from hour-to-hour during the day.  Best use of the combined resource can only occur with cooperative operation.

This is a very simple example to illustrate the need for cooperation.  Maximizing annual firm energy from the system requires consideration of water forecasts – snow pack, maximum run-offrates, storage capacity and total annual inflow.  If you also add to this very simple example 20 or so additional dams with different production capacities, 5 or 6 tributary rivers, varying amounts of pondage, differing water transit times between dams, differing parties in each agreement and stream flow restrictions for navigation, irrigation and fisheries, the complexity of the problem is apparent.  Figure 3 is a schematic representation of Columbia River hydrology showing the relative elevations and river locations of projects.  The ownership mix between Federal and no-federal projects is also shown as well as the projects, which fall under the Columbia River Treaty.  A final complexity to be considered is the transmission implications of joint river operations.  In some hours downstream plants serve upstream load and vice versa in other hours.  The transmission system must be capable of moving the energy to the proper locations as production locations shifts.  

Operations must consider both daily operations and longer-term management of the river resource as well.  Decisions regarding stream flow must be made on a weekly, monthly and even annual basis.  Winter snowfall in the Rocky Mountains is a primary driver of the capability of the hydro system.  As snow pack accumulates during the winter, decisions must be made about whether to release or store water based on forecasts of expected conditions in the following Spring and Summer seasons.   Water releases must also be planned to meet fishery needs.  Thus, the optimization window for hydro systems is much longer than for systems dominated by thermal resources. 

In addition to the Columbia River system, there are other hydroelectric facilities in the GPNW.  The system with the largest storage capacity is the Peace River system in British Columbia.  The Peace River flows north to the Arctic Ocean, and BC Hydro has two plants on this river, G.M. Shrum and Peace Canyon.  Since the Peace River freezes over in winter additional operational constraints exist which do not exist on the Columbia.  Heavy flows are used during the winter freeze-up to maintain hydraulic capacity during winter, i.e., to set the ice level high, and during Spring break-up, flow must controlled to mitigate flooding due to ice jams.  

Ownership on the Upper Snake River (Brownlee and above) is divided mostly between Idaho Power and the Bureau of Land Management.  Upper Snake operations are relatively independent of the Lower Snake and the Columbia, although combined considerations for fish runs has begun to increase the degree of linkage.  The remaining hydroelectric facilities in the GPNW tend to be mostly smaller systems in terms of power production – the Upper Missouri in Montana, part of the Green-Colorado River in Wyoming and Utah, small mountain streams in the Great Basin and coastal rivers which flow to the Pacific.  These projects are very small by comparison with production in the Columbia and Peace basins.  They tend to net against local area load and have little effect on the overall Western Market.

Thermal Plant Integration

An important feature of generation in the Columbia River Basin is that it is energy constrained.  There is a limited volume of water is available annually, so the average hourly energy is far less that the very large capacity to produce power in any given hour.  By the 1970’s it was apparent that energy consumption in the region had overtaken the hydroelectric capability of the river to produce firm energy.  With this in mind, a number of coal fired plants
 and nuclear plants
 were constructed to meet the shortfall.  With the introduction of substantial amounts of base load capacity into the GPNW, a number of opportunities were created for taking advantage of the combined hydro and thermal capabilities of the system.  Coal plants run most efficiently when base loaded, i.e., running a full output at all times.  The hydro system has very fast response times and is the most flexible resource for following load changes.  Given the scale of the hydro facilities on the Columbia and its tributaries, a good deal of short term peaking (also called load shaping) can be provided by the energy constrained hydro system while annual energy needs are supplemented by the coal-fired plants.

The nature of combined hydro-thermal optimization can be demonstrated by considering the case of PacifiCorp.  PacifiCorp has loads in five of the states in the GPNW, about 40% being in Washington and Oregon and with 60% in Utah, Idaho and Wyoming.  They produce a substantial amount of energy from coal-fired plants in Utah and Wyoming (the East) and access to hydro production in Oregon and Washington (the West).  Their hydro peaking resource has two components:  (1) their own hydro plants, primarily on the Lewis River and (2) a peaking contract with Bonneville Power.  This peaking contract is a capacity only contract, which includes no energy supply.  PacifiCorp must return the energy supplied by Bonneville during the daily peak to provide load shaping within one week (a 168 hour return).  To illustrate how this combination of plants and contracts functions, consider the following stylized example of this kind of operation. 

In this example system, a utility (East-West) has two main load areas, which are geographically separated.  The East Area has thermal only resources and the West Area has a small hydro resource.  Figure 4 show the daily load profile for the East Area, with peak load occurring in mid-afternoon.  The East Area thermal resources produce at a constant rate as shown in Figure 4, which exceed the load in all hours.  This surplus is transferred to the West Area under a transmission service agreement with a third party.  

Figure 5 shows the load profile for the West Area, with a peak load in the morning with a secondary peak in the early evening.  The combination of West Area hydro production of East-West utility and its transfer from the East Area are also shown in Figure 5.  The resource available exceeds load from midnight until the 8:00
.  From then until 22:00, the combined resource is insufficient to meet load.  The final two hours of the day, resources again exceed load.  One solution to meeting load during the day is to buy on-peak energy from others and sell excess off-peak energy.   This approach balances energy needs, but in a hydro rich area another more attractive option exists.  

In this example, the East/West utility has entered into a capacity only peaking contract with a hydro-based party (or Peaking Supplier) located adjacent to the West area.  The peaking contract is a capacity only service, because the energy supplied must be returned, so that over time no net energy is supplied.   During the on-peak hours, the Peaking Supplier sends energy to the West Area to meet load by drafting its reservoirs more deeply than it would have to meet only its own loads.  East-West returns this energy to the Peaking Supplier from the West Area surplus during off-peak hours when its resources exceed its loads.  Figure 5 shows these Peaking and Energy return periods.  Figure 6 shows the load and resource balance for the Peaking Supplier, which is now the reciprocal of East-West.  Energy return is used by the Peaking Supplier to meet its loads during off-peak hours, allowing reservoir levels to recover as if they had met only their own load.  

Figure 7 shows the effect of the peaking contract on the stored energy balance of Peak Supplier compared to its balance without the contract.  The energy equivalent of storage plotted in Figure 7 can also be thought of as “head” or water level behind the dam.  The return energy raises water levels higher than they would otherwise be during the off-peak hours, while in the on-peak hours water level and hence energy storage drops below the no contract level.  During weekdays, the return level will typically be less than the energy supplied for peaking.  The remaining return takes place during the weekend days when the surplus from the base loaded coal plants it greater than on weekdays.  The amount of peaking that can be supplied will be limited by the size of the reservoirs, limits of the on-peak to off-peak tidal effect acceptable for reservoirs and by tolerable variation in downstream flow.  For East-West, the peaking contract is the equivalent of a pumped hydro system, since off-peak energy can be stored for on-peak operation.  Unlike a pumped hydro project, there is no pumping penalty to lift water from a lower reservoir to an upper reservoir during off-peak hours, nor is their a capital investment in the physical facilities.  Instead a price is paid for the peaking service, which balances the benefits of this reciprocal operation between the parties.

Figure 8, demonstrates another example of the interchange between hydro and thermal areas.  This graph is taken from a transfer capability study
 for the summer of 2001.  In this graph, flows from Montana to the Northwest are high until 07:00 when they drop as load rises in Montana.  As load drops after the peak, more energy is again transferred to the Northwest.  Hydro in Oregon and Washington rises to meet the Northwest load and to replace the off-peak energy injected by this transfer.  This is demonstrated in this graph, which shows Avista’s Western Montana Hydro being ramped up as Avista’s load rises during the day.  

Such reciprocal operations take many contract forms, but the principle is essentially the same.  In some cases energy is taken in summer and returned in winter.  Other arrangements exist for weekly or daily exchanges without an explicit peaking charge; instead the party with surplus energy makes an in-kind payment, i.e., returning more energy than is taken during peak hours to balance the value of energy between on-peak and off-peak periods. 

Reciprocal operation can also be achieved by purchases and sales.  BC Hydro has a very large storage capacity between its combined holdings on the Columbia and the Peace River.  Their pattern of trade is to buy energy whenever they judge the price to be attractive.  They use such purchased energy to meet their immediate needs and save water they would have otherwise used to generate and serve load.  The effect is that they are buying less expensive energy to store.  Later when prices rise, the stored energy is used to serve load and to make sales to other parties.  Reciprocal hydro-thermal operation is thus achieved through the marketplace.  


The marketplace integration of thermal systems with the hydroelectric capability of the PNW affects the market in all of the Western Interconnection.  Figure 9 shows the hourly flows on the Pacific DC Intertie (PDCI) for June of 2000.  The daily swings of energy to and from California can be seen in the actual flows on the PDCI.  The daily cycle has a range of 2000 to 3000 MW from on-peak to off-peak flow, with PNW exports as high as 2500 MW and PNW imports as high as 1800 MW. The average hourly transfer is a 485 MW export to California, with an average exchange of about 2200 MW.  In some months the effect is less pronounced, but even in heavy run-off months, there is still a pronounced daily cycle like that shown.
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The result of the combined hydro-thermal operation can be seen in Table 1 above.  The limitation on energy production can be seen in the low capacity facotor for hydro units (56%) compared to the high capacity factor for the coal fired units (84%).  These two sources together generate 92% of the energy produced in the GPNW.  This production also includes a substantial export.  Total load for 1999 was 342,897 GWh with an export of 43,852 GWh.  While coal represents only a quarter of installed capacity it is responsible for a third of the energy produced.  The hydro energy figures vary from year to year depending upon water conditions. The 1999 water year was much better than the two, which followed with 85% and 75%(estimated) of the 1999 figure being produced in 2000 and 2001 respectively.

Unit Commitment

Given its resource mix and operating pattern, the classic unit commitment model
 is a poor fit to the needs of the GPNW.  The large hydro capacity provides a degree of operational flexibility that seldom exists elsewhere
.  Units as large as the 750 MW generators at Grand Coulee can be synchronized and brought to full load in as little as five minutes.  The role of peaking combustion turbines is more likely to address transmission limitations on delivery than to address an inability to meet peak load.  To achieve the high capacity factors shown in Table 1, the base load coal plants are only off-line for maintenance or forced outages leaving the hydro system to provide both energy and load shaping.

While individual utilities have been free to run their own independent unit commitment, the contractual arrangements described above have largely resulted in a regional unit commitment the interactions between parties created by these agreements.  The coal-fired essentially always on line and because of the flexibility of the hydro system, unexpected changes in load can be met by trading between the parties.  Even the timing of maintenance for coal units has traditionally been scheduled during the spring run-off months when replacement energy can be purchased from the hydro system.  The need for trade to make best use of the mix of resources is no doubt one of the factors that produced the PNW trading hubs (COB and Mid-C) as well as a trading mind set among the incumbent utilities.  

Will these non-centralized arrangements be adequate with an RTO operating the transmission system?  The formation of an RTO does not by itself alter the current bilateral energy trade; in fact it will enhance the trade by giving all parties broader access to other market participants.  The parties forming RTO West have every expectation that such trade will continue as indicated by the nature of the proposals being advanced.  The parties to RTO West want to minimize the market presence of the system operator so that bilateral trade will continue to be the chief source of energy supply.  There is no reason to suspect that the current decentralized process will suddenly fail because transmission operations are consolidated.  It is more likely that with an even more open system, the complexity of trade will increase to wring further efficiencies out of the system as more thermal generation is added to meet load growth in the future without central control.  

There is also a question about whether a centralized system would add any practical value in the GPNW.  The use of a centralized unit commitment model for the GPNW would be very complex.  The horizon of the process would have to reach well beyond a weekly process to include the uncertainty inherent in the annual precipitation forecast and uncertainty in the best month-to-month usage of storage.  This would have to be integrated with the traditional algorithms used for thermal unit commitment.  Rather than the decision process benefiting from the collective judgment of all market participants expressed in contracts and trade, a small set of people must design an algorithm which meets the needs of the current system and which will be adaptable as conditions change in the future.  The algorithm would be new and contain inevitable errors, which the centralized system would propagate. The consequences of such errors arising from the centralized model do not however fall upon the model operator, the RTO, but upon the market participants.  There is a great potential for misalignment of risk and for the diseconomies that flow from such misalignment.

When the tight power pools of the Northeast
 were converted to ISOs, they retained the centralized unit commitment process that they used in the past.  The woes of California in 2000 and 2001 have resulted in calls by some for the imposition of centralized unit commitment within the California ISO.  While the nature of the GPNW system does not fit a centralized commitment arrangement, is this decentralized model applicable in primarily thermal systems?  The reason the decentralize system works in the GPNW is not just a result of the extensive hydro resource; its success across multiple control areas of the GPNW, some with extensive thermal generation holdings, arises from extensive trade between parties.  The current arrangements in the GPNW suggest that an active marketplace can resolve exceedingly difficult problems such as hydro-thermal coordination, without the imposition of central control.  Therefore, the key issue to be addressed in making a decentralized method of unit commitment work is the creation of a regime in which such trade is enabled and encouraged.  

In the course of its duties as a security coordinator, the RTO will need back stop authority to resolve situations when there inadequate operating reserve.  However it need not take the primary responsibility for determine which units committed for service.  Instead the RTO should set and enforce operating standards associated with reserves and let the market participants bear the risk of bring units on line in a timely fashion to serve the load which they contract to serve.
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Figure 1.  Hydroelectric Generation In The Columbia River Basin
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Table 1.  Northwest Power Pool Statistics for 1999.
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Figure 2.  Example Of Production Coordination For A Simple Three Dam System
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Figure 3.  Hydrologic Schematic Of Columbia River System

Figure 4.  Example Hydro-Thermal System – Load & Resource Balance for East Area


Figure 5.  Example Hydro-Thermal System – Load & Resource Balance for West Area

Figure 6.  Example Hydro-Thermal System – Load & Resource 

Balance for Peaking Supplier 


Figure 7.  Example Hydro-Thermal System – Peaking Suppliers’ 

Energy Storage Cycle

Figure 8.  Resource And Load Diagram For West Of Hatwai (WOH) Constraint

[AVA = Avista Corp, MT-NW = Montana to Northwest Schedule, 

WHM = Western Montana Hydro generation]


Figure 9.  Line Flow On Pacific DC Intertie For June 2000

� EMBED Excel.Sheet.8  ���








Others Dams


  -- Generating


        Mid-Columbia


        Canadian


        Snake River


        Lewis/Cowlitz


  -- Storage


         Canadian      





Columbia River





Snake River





Snake River





Willamette River





Columbia River





Kootenay River





Pend Orielle River





KEENLEYSIDE


(                        )











� It is common to use the term Pacific Northwest (PNW) to describe the area covered by the Bonneville Power Administration’s transmission network – Oregon, Washington, Western Montana and Northern Idaho.  The term Greater Pacific Northwest is used here to include the area covered by the systems of all members of the Northwest Power Pool – Alberta, British Columbia, Washington, Oregon, Idaho, Montana, Wyoming, Utah and Northern Nevada.  The distinction is important.  Bonneville controls 80% of the transmission system in the PNW, yet in the GPNW they have only 33% of transmission with 33% held by US investor owned companies and 33% held by Canadian parties.  





� Although the new gas-fired combined cycle plants currently being added typically have more dispatch flexibility than coal plants, they do not yet represent a sufficient portion of the resource mix to greatly alter the historical dispatch pattern.  In addition, like coal plants, they are most efficient and produce the highest return on invested capital when run in a base load mode.





� The PNCA does not include Idaho Power’s plants on the Upper Snake River located at or above Brownlee.  


� The large coal fired plants built in the GPNW after 1970 are Centralia (Washington), Boardman (Oregon), Valmy (Nevada), Colstrip (Montana), Jim Bridger (Wyoming), Wyodak (Wyoming), Huntington (Utah), Hunter (Utah) and Bonanza (Utah).  The Intermountain Power Project was also built in Utah during the same period, but its entire output flows to California over the Intermountain-Adelanto + 500 kV DC line.





� Trojan (Oregon) and Washington Nuclear Plant #2 (Washington), now called the Columbia Generation Station).  Additional plants were planned but never built.  Trojan has been shut down and the reactor vessel removed to the Hanford Reservation in Eastern Washington.


� For this example, these are “hour-ending” times, so 8:00 represents is the hour beginning at 7:00 am and ending at 8:00 am.  In some parts of the United States the opposite “hour beginning” convention is used.


� The study was prepared by Bonneville Power and Avista, who operates in Eastern Washington, Northern Idaho and Western Montana.  


� What can be called the classic unit commitment process is described in terms of thermal systems as an optimization activity that seeks to minimize total plant operational cost over a daily or weekly period while assuring that enough generation is on line at all times to meet reliability requirements.  The reliability requirements act as one set of constraints – reserves, transmission limits, etc.  The other constraints arise primarily from fossil-fired steam plants – minimum start time, minimum output, maximum output, maximum ramp rate (speed limit on changes on output level), cost of fuel, incremental heat rate over the operating range, emissions limits, etc.  Under a vertically integrated operating regime, all factors are consistently defined for the units to be dispatched, and any error made by starting one unit over another stays within a single firm. The resulting operational pattern base loads the lowest cost units, including nuclear plants.  Medium cost units are started weekly, held near minimum output overnight, ramped up to meet weekday peaks during the day and shut down over weekends.  Higher cost units may be started daily as needed, or kept in hot standby during over night, ie, the generator is off line, but the boiler remains fired and the turbine is kept at operating temperature so that generation can be put back on line very quickly.  Finally combustion turbines, are brought on line for a few hours at a time as needed. 





� The exceptions being Brazil, Scandinavia, Quebec, etc.





� PJM, ISO-New England and the New York ISO.
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		Coordinated Production

		For Three Dam Example

		Hour Ending		System Load		Top  Dam		Middle Dam		Last  Dam		Total Output

		1:00		300		100		100		100		300

		2:00		300		100		100		100		300

		3:00		300		100		100		100		300

		4:00		300		100		100		100		300

		5:00		300		100		100		100		300

		6:00		500		300		100		100		500

		7:00		650		250		300		100		650

		8:00		750		200		250		300		750

		9:00		800		350		200		250		800

		10:00		800		250		350		200		800

		11:00		750		150		250		350		750

		12:00		750		350		150		250		750

		13:00		850		350		350		150		850

		14:00		900		200		350		350		900

		15:00		950		400		200		350		950

		16:00		1000		400		400		200		1000

		17:00		950		150		400		400		950

		18:00		850		300		150		400		850

		19:00		650		200		300		150		650

		20:00		600		100		200		300		600

		21:00		500		200		100		200		500

		22:00		450		150		200		100		450

		23:00		400		100		150		200		450

		24:00		300		50		100		150		300
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Sheet1

		Time		AVA Load		MT-NW		WMH		WOH Actual		WOH Sched

		1:00		1113.7		1735		414		1037		3054

		2:00		1056.4		1696		412		1137		3327

		3:00		1029.0		1704		414		1185		3478

		4:00		1015.0		1744		414		1228		3472

		5:00		1036.1		1786		416		1181		3289

		6:00		1091.3		1766		413		1048		2925

		7:00		1214.0		1455		414		863		2520

		8:00		1338.2		1144		418		500		1706

		9:00		1425.9		831		420		221		1500

		10:00		1493.6		510		552		73		1500

		11:00		1575.2		220		698		110		1500

		12:00		1618.4		34		976		301		1500

		13:00		1666.2		140		807		384		1500

		14:00		1692.2		375		811		446		1500

		15:00		1720.6		501		790		518		1500

		16:00		1728.6		500		790		516		1500

		17:00		1728.4		598		783		597		1500

		18:00		1716.5		759		732		589		1500

		19:00		1693.5		932		745		733		1500

		20:00		1655.8		943		784		724		1506

		21:00		1632.9		960		778		829		1640

		22:00		1607.8		1133		787		640		1689

		23:00		1443.6		1436		590		633		1910
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