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Abstract: Water system management models represent different purposes, such as water supply,
flood control, recreation, and hydropower. When building large-scale system models to represent
these diverse objectives, their most appropriate time steps for each purpose often do not coincide.
A monthly time step is usually sufficient for water supply modeling, but it can be too coarse for
flood control, hydropower, and energy operations, where hourly time steps are preferred. Large-scale
water management and planning models mostly employ monthly time steps, but using monthly
average energy prices underestimates hydropower revenue and overestimates pumping energy cost
because these plants tend to operate during times with above- or below-average energy prices within
any month. The approach developed here uses hourly varying prices depending on the percent
of monthly operating hours. This paper examines an approach that approximately incorporates
hourly energy price variations for hydropower and pumping into large-scale monthly time-step
water system model operations without affecting water delivery results. Results from including
hourly varying energy prices in a large-scale monthly water supply model of California (CALVIN) are
presented. CALVIN is a hydroeconomic linear programming optimization model that allocates water
to agricultural and urban users with an objective to minimize total scarcity costs, operating costs, and
hydropower revenue loss. Thirteen hydropower plants are modeled with hourly varying prices, and
their revenue increased by 25 to 58% compared to revenue calculated with monthly average constant
energy prices. Hydropower revenue improvements are greater in critically dry years. For pumping
plants modeled with hourly varying prices, the energy use cost decreased by 10 to 59%. This study
improves system representation and results for large-scale modeling.

Keywords: energy prices; hydropower; pumping cost; revenue; system models

1. Introduction

Computer models help operators and policymakers explore and compare manage-
ment alternatives, better operate complex water resources systems, and predict the future
performance of existing or proposed decisions and conditions [1]. Model use can increase
the benefits or decrease the costs of managing water for wide-ranging purposes, such
as agricultural, urban, and wildlife water supply; hydropower; flood control; recreation;
and navigation [2–4]. Yeh [5], Wurbs [6], and Labadie [7] reviewed water resource system
models, including simulation and optimization models, ranging from small- to large-scale.
Integrated river basin management models provide a framework for more efficiently man-
aging scarce water among users, at different locations and times, considering economic and
hydrologic variables [8,9]. Davis [10] defines integrated water management as a facilitated
stakeholder process to promote coordinated activities in pursuit of common objectives for
better development and management. Marques and Tilmant [11] point out that operational
coordination is critical to maintain and increase system-wide benefits under uncertain con-
ditions in multireservoir water systems. Li et al. [12] reviewed uncertainties in integrated
simulation–optimization modeling.
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Many methods are available in water resource modeling. However, energy prices are
often omitted or greatly simplified compared to other parameters. Several studies explicitly
address energy price representation [13–15], which is especially important for hydropower
and pumping operations. Models exist for simulating energy market operations [16–19],
but they often are not integrated with water system models, or their integration with
complex water models is computationally difficult, isolating market price models from
water system models. Additionally, the availability of hourly input data often limits the
explicit representation of energy prices in many places.

Water resource system models use different time scales, varying from fractions of
an hour to annual. Short-term models have hourly to daily time steps. Time steps for
long-term models range from weekly to annual. Long-term models can be useful for
short-term models by providing preliminary promising solution regions [20,21]. Hourly
or shorter-peak and off-peak times and energy value rates are important for hydropower
decisions and pumping plant operations. Short-term models, with hourly time steps
and time horizons of a few days, can directly represent hourly price variations in their
operations. Long-term models rarely use hourly time steps due to computational demands;
instead, monthly time steps are preferred. However, using monthly average energy prices
for long-term planning and management often underestimates hydropower values [15]
and overestimates pumping costs. This is because, with economically optimal operations,
reservoirs with an afterbay operate during the most economically advantageous hours [13],
the so-called peak hours. Similarly, pumping plants with a forebay or afterbay operate
during off-peak hours, when energy prices are lower.

Hourly price variations can be represented with an implicit method that uses different
prices depending on capacity use [15]. The method assumes that to maximize revenue, a
hydropower plant with reservoir storage and an afterbay allocates hydropower releases
preferentially to peak price times, when energy demand and prices are highest [22]. The
reservoir operator is assumed to have good short-term foresight of energy prices, allowing
revenue-maximizing releases during peak times. Energy prices are exogenous, so the
operator cannot influence them. Tejada-Giubert et al. [13] used such a method to maximize
the Central Valley Project energy revenue. A monthly capacity factor for each plant is
assigned to the price duration curve factors, assuming each plant can be dispatched and
operated during the most economically valued hours in a month.

Using variable energy prices, rather than constant prices, increases overall hydropower
revenue. Olivares and Lund [15] studied the representation of energy prices in long-
and medium-term hydropower operations. Their model, focusing on a single reservoir,
relates hourly energy prices with the proportion of monthly hours available for energy
generation. Hourly varying prices are estimated with a moving average method, a function
of the percentage volume allocation. Madani and Lund [14] used energy prices that vary
with the number of hours of operation in a suite of optimization models for California’s
high-elevation hydropower plants. The model assumes that a power plant will prioritize
releasing water during high-valued times of the month. It only releases water during lower-
valued times when water is abundant, if the objective is solely hydropower operation.
These studies concluded that there is a great benefit of incorporating hourly energy price
variations in long-term models. Former studies focused on regional hydropower modeling
with small reservoir storage capacities or with a limited number of large-scale reservoirs
with hourly price variations. The effects of hourly price variations on pumping operations
have not been studied.

This study presents an implicit incorporation of hourly energy price variations in a
large-scale long-term model of California’s extensive water supply system, CALVIN, that
uses monthly time steps over an 82-year hydrologic record. CALVIN is useful for planning,
management, and policy studies [23,24]. It integrates and economically optimizes reservoir,
power plant, pumping plant, and other water supply operations. The method used here is
similar to earlier hydropower studies, except at a much larger scale. Also, hourly varying
energy prices are applied to pumping operations with a few modifications to the method.
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CALVIN is operated with both constant and hourly varying energy prices. Generation,
revenue, and agricultural and urban water scarcity results are compared to assess the most
effective representation of prices for long-term, multi-purpose modeling.

2. Materials and Methods
2.1. CALVIN Hydroeconomic Model

CALVIN (CALifornia Value Integrated Network) is a hydro-economic determinis-
tic optimization model for California’s inter-tied water supply and delivery system [23].
CALVIN represents California’s water infrastructure with 49 surface reservoirs, 38 ground-
water reservoirs, 600+ conveyance links, 1250+ nodes, and 36 agricultural, 41 urban and
8 wildlife refuge water demand areas, where the full-size model has more than 5 million
decision variables. The CALVIN model covers about 88 percent of California’s irrigated
acreage and 92 percent of the state’s urban population. Prescribed CALVIN operations
are based on 82 years of historical data to represent hydrologic variability. CALVIN is a
linear programming model that uses a generalized network-flow optimization, where oper-
ations are driven by convex cost-based piecewise linear penalty functions (for hydropower
plants and agricultural and urban demands) or operating cost curves (for pumping and
treatment plants). CALVIN operates and allocates surface and groundwater resources
with deterministic hydrologic inflows under demand conditions of the year 2050, within
physical and environmental constraints [23]. CALVIN is modeled with Pyomo, a high-
level optimization modeling library in Python, and can connect to freely available solvers
that provide a solution for the network-flow optimization problem [24]. CALVIN has an
economics-driven objective, shown in Equation (1), to minimize system-wide operating
costs (such as pumping and treatment) and scarcity costs to water users. Scarcity volume
is defined as the amount of water that the user is willing to pay for but did not receive.
Whenever a user’s target demand is not met, scarcity occurs with a cost derived from the
user’s willingness to pay. The physical system is represented by a set of nodes (N) and
links (or arcs) ( A) in network-flow optimization, shown in Figure 1. Links are defined
by (i, j, k) ∈ A, where i is the origin node, j is the terminal node, and k is the index of the
piecewise linear component for links [24].
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CALVIN’s objective function and constraints are

minz = ∑
i

∑
j

∑
k

cijkXijk (1)

subject to
Xijk ≤ uijk, ∀(i, j, k) ∈ A (2)

Xijk ≥ lijk, ∀(i, j, k) ∈ A (3)

∑
i

∑
k

Xjik = ∑
i

∑
k

aijkXijk, ∀j ∈ N (4)

where z is a summation over all links (i, j, k) and represents total scarcity and operating
costs. Xijk is the decision variable and represents the flow conveyed in a link. uijk and lijk
are upper- and lower-bound constraints, respectively. aijk is the amplitude and represents
losses (<1) or reuse (>1) within the system. Equations (2)–(4) enforce upper and lower
bounds on each link and mass balance on each node, respectively.

CALVIN assumes a decentralized energy market in California with hydropower
as a price-taker. Each facility allocates hydropower releases during the most valuable
hours while considering water scarcity costs for agricultural and urban users, as well
as downstream minimum in-stream flow requirements. Hydropower and water scarcity
penalty curves dictate the economically optimal release time and volume. Seasonally, it
is fortunate that California’s energy and water use peaks generally coincide, reducing
conflicts across these purposes.

CALVIN’s limitations include its perfect hydrologic foresight (except for Arnold [25]);
the linearization of nonlinear operations, such as hydropower; and simplified environmen-
tal regulations, water quality, and stream–aquifer interaction behavior. CALVIN currently
provides a minimal representation of flood control and recreation operations [23]. De-
spite its limitations, CALVIN can simulate various water management scenarios and offer
insights for statewide and regional water policy and planning decisions.

2.2. Representing Hourly Varying Energy Prices in Monthly Models

CALVIN operates explicitly to minimize statewide operating and scarcity costs. Hy-
dropower in CALVIN is modeled using economic penalty curves, which represent the
benefits lost from not generating hydropower. Hourly wholesale energy prices for the
year of 2010 are obtained from the California Independent System Operator [26]. The
moving average method proposed by Olivares and Lund [15] is used to represent hourly
varying energy prices in the monthly model. This method relates the monthly percentage
of hours of generation at turbine capacity with a price duration curve (Figure 2). Prices are
averaged up to percent use. As seen in Figure 3, marginal variable energy prices decrease
with increased hours of generation. This trend represents electricity market operations.
Small releases have greater marginal benefits (energy prices), and as the hours of operation
increase, the marginal hydropower revenue decreases, whereas the marginal revenue does
not change with constant average monthly prices. For economically optimal hydropower
operations with hourly varying prices, CALVIN makes small releases when the marginal
energy price is high, and the lowest average price occurs when energy is generated at the
monthly turbine capacity [14]. CALVIN is a deterministic model with fixed monthly price
fluctuations, allocating water for maximum profitability. The total hydropower generation
(G) in month i can be calculated as follows:

G(Qi, hi) = µ·γ·Qi·hi·∆t (5)

where Q is the release obtained from CALVIN; h is the head, which is dynamically calcu-
lated from a polynomial function depending on reservoir storage; µ is efficiency; γ is the
specific weight of water; and ∆t is the time period.
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Defining Qcap as the plant’s turbine release capacity and Gcap = µ·γ·Qcap·hi·∆t as the
plant’s generation capacity, the percentage of hours of generation at full capacity ( f ) can be
obtained as

f =
Gi

Gcap
(6)

Multiplying generation (G) with energy prices ( Pi) yields the hydropower revenue
(B ) in month i, which can be written as

Bi = PG( f )i·Gi (7)

Ci = PP( f )i·Ei (8)

where PG( f )i is the average of all prices exceeding P( f ), with the price obtained from the
moving average price curve (Figure 3). For the energy cost of pumping plants (Ci), the unit
energy price ( PP( f )i

)
, the average of all prices not exceeding P( f ), is multiplied with the

total energy use ( Ei).
Afterbays provide operational flexibility to large-scale reservoir operations. Several

California hydropower facilities effectively use afterbays to regulate reservoir releases.
These large-storage power plants are used to meet peak-time electricity demand. A total
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of 13 out of 33 CALVIN facilities with a large storage capacity and an afterbay are mod-
eled with hourly varying energy prices. The remaining facilities, including run-of-river
hydropower plants, use monthly constant average energy prices. Run-of-river plants are
not modeled with hourly varying energy prices because they are operated continuously,
depending on stream conditions. Meanwhile, pumping plants with a forebay or afterbay
can also optimize pumping hours to minimize pumping costs. Six of twenty-four CALVIN
pumping facilities have forebays and are modeled with hourly varying energy prices.
CALVIN’s hydropower and pumping plants are listed in Table 1 and Table 2, respectively.

Table 1. Modeled CALVIN hydropower facilities and plant characteristics.

Hydropower Facility Power Plant
Capacity (MW)

Reservoir Storage
Capacity (106 m3)

Turbine Release
Capacity (m3/s)

Shasta a 629 5612 561
Spring Creek a 180 296 143
Carr 154 296 97
Trinity a 140 3019 132
Keswick 117 29 494
Hyatt a 644 4367 523
Colgate a 325 1147 107
Folsom a 199 1205 245
New Narrows 49 86 121
Thermalito Fore/Afterbay 115 70 503
New Melones a 300 2953 270
Don Pedro a 203 2504 260
Holm a 157 372 23
Kirkwood a 122 444 21
New Exchequer 95 1263 89
Gianelli a 424 2518 376
Moccasin a 104 1 19
O’Neill a 25 70 42
Pine Flat 190 1233 231
Castaic 1247 401 123
Devil Canyon 280 90 46
Warne 78 7 47
San Francisquito 1 and 2 123 - 22
Gorges 112 - 23
Mojave 32 - 56
Others 92 - 359

Note: a Modeled with hourly varying prices.

Table 2. Modeled CALVIN pumping facilities and plant characteristics.

Pumping Facility Pumping Plant Capacity (MW) Flow Capacity (m3/s)

Badger Hill 6 270
Banks a 212 245
Buena Vista 90 146
Contra Costa 1 3 9
Dos Amigos 99 340
Del Valle a 0 3
Eagle 72 52
Edmonston 622 127
Gianelli a,b 151 317
Iron 72 52
Julian Hinds 72 52
Los Vaqueros 23 6
Las Perillas 2 270
Mallard Slough 5 1
Old River 36 7
O’Neill a,b 19 121
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Table 2. Cont.

Pumping Facility Pumping Plant Capacity (MW) Flow Capacity (m3/s)

Oso a 37 90
Pearlblossom 95 83
South Bay a 4 9
Tracy 92 133
Walnut Creek 61 14
Wheeler Ridge 107 127
Chrisman 233 127

Notes: a Modeled with hourly varying prices; b operated for both pumping and power generation.

Figure 4 illustrates the run procedure of CALVIN with conventional constant average
and proposed hourly varying energy prices. First, the input data are organized. These
data include unit costs for moving water, economic demands for users (agricultural, urban,
and hydropower), and hydrological time series, such as reservoir inflow, local inflow,
and groundwater recharge. In the conventional model run, hydropower and pumping
plant operating curves are modeled based on monthly constant average prices. CALVIN’s
objective is to minimize total costs. Therefore, a hydropower penalty curve, which is the
inverse of its benefit curve, represents the loss for not generating hydropower, depending on
the turbine discharge rate. For a model run with the proposed method to incorporate hourly
energy price variations, moving average energy prices are used to generate piecewise
linear operating curves. Third, the CALVIN model is run with defined energy prices,
and optimized flow and reservoir storage decisions are obtained. Finally, hydropower
generation and revenue, as well as pumping costs, are postprocessed and compared, as
presented in Section 3.
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3. Results
3.1. Power Generation and Revenue

CALVIN is run with both monthly constant average prices and hourly varying prices.
With hourly varying prices, the model tends to allocate small releases with higher hy-
dropower benefits. As the operating time at turbine capacity increases, the marginal
benefits decrease. With hourly varying prices, statewide total hydropower generation is
slightly less than with constant monthly prices, but the energy revenue is significantly
greater (Table 3). With constant monthly average prices, the annual total modeled hy-
dropower revenue is about USD 550 million per year, which increases by 24% to USD
681 million per year when modeled with hourly variable prices. The hydropower genera-
tion of plants modeled with variable prices does not notably change, except for Holm and
O’Neill, where annual average hydropower generation and revenue decrease. Holm is up-
stream of Don Pedro and O’Neill is between the California Aqueduct and Delta–Mendota
Canal. California’s intertied water system allows other supply routes to be utilized in
the model using hourly varying prices, without impacting overall agricultural and urban
deliveries. With hourly varying prices, less water is pumped from O’Neill (discussed
later), reducing the hydropower generation of this pumped-storage plant. For other plants
modeled with variable prices, the average annual revenues increase by 25 to 58%.

Table 3. Modeled annual average hydropower operations with constant and hourly varying prices.
Facilities modeled with variable energy prices show a greater change (mostly positive) in the revenue
reported from the model.

Facility
Turbine Release (m3/s) Generation (GWh/Year) Revenue (USD M/Year) Revenue
Constant

Price
Variable

Price
Constant

Price
Variable

Price
Constant

Price
Variable

Price Change (%)

Shasta a 217 216 2286 2285 75.5 110.6 46.5
Spring Creek a 32 31 381 381 13.5 19.4 43.4
Carr 25 25 354 354 12.2 12.4 1.5
Trinity a 48 48 408 409 13.0 19.0 46.7
Keswick 244 243 465 464 15.5 15.4 −0.8
Hyatt a 154 152 2190 2183 76.7 111.6 45.5
Colgate a 47 46 1356 1361 45.8 64.0 39.9
Folsom a 100 99 655 653 22.1 32.0 44.6
New Narrows 60 60 277 277 9.5 9.4 −1.0
Thermalito 137 136 293 290 10.3 10.2 −0.9
New Melones a 40 40 495 496 15.9 25.2 58.5
Don Pedro a 56 55 611 610 18.6 29.5 58.2
Holm a 17 13 869 673 30.6 27.8 −9.2
Kirkwood a 13 13 364 355 12.6 15.8 25.1
New Exchequer 36 36 275 277 8.5 8.6 1.0
Gianelli a 0 0 0 0 0 0 0
Moccasin a 13 13 167 167 5.8 7.4 27.4
O’Neill a 37 10 33 9 1.2 0.4 −68.0
Pine Flat 60 60 445 444 13.2 13.2 −0.1
Castaic 35 35 872 872 33.2 33.2 0.0
Devil’s Canyon 37 37 1051 1051 37.2 37.2 0.0
Warne 36 36 522 522 19.2 19.2 0.0
San Francisquito 1 and 2 14 14 629 629 23.1 23.1 0.1
Gorges 7 7 366 366 12.5 12.5 0.0
Mojave 37 37 90 90 3.2 3.2 0.0
Others 244 242 642 642 20.5 20.5 −0.3

Statewide 1745 1704 16,094 15,857 550 681 24

Note: a Modeled with hourly varying prices.

Figure 5 shows the monthly statewide modeled hydropower generation and revenue
with constant and variable prices. Overall, the monthly generation and revenue patterns do
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not differ greatly. Generation and revenue have a similar monthly trend, higher in the sum-
mer. Hydropower revenue with variable prices (VPs) is greater than with constant prices
(CPs) in all months. Hydropower generation is greater with variable prices in the spring
(April–June) when average energy prices are the lowest, but the hourly price fluctuations
are the highest. In these months, with price fluctuations, the differences between constant
and variable price revenues are much greater. In other months, constant prices lead to
higher hydropower generation but lower revenue (underestimating with constant prices).
As the hourly price fluctuations decrease, the moving average of variable prices gradually
approaches constant average prices. Months with identical power generation or revenue
can be compared for analysis. For example, for March, the power generation in both price
schemes is quite close (1.38 TWh and 1.39 TWh for constant and variable prices, respec-
tively) but with a big difference in revenue. In March, with constant prices, the revenue is
about USD 52 million, while the revenue with variable prices is USD 62 million. In October,
January, and February, the revenue difference between variable and constant prices is fairly
small, although generation with constant prices is higher. Using constant monthly average
prices rather than hourly varying prices underestimates hydropower revenue.
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Figure 5. Modeled statewide monthly hydropower generation and power revenue with constant
and variable energy prices. Revenues tend to diverge more in the months with greater energy price
variations between the two methods.

Figure 6 shows monthly revenue from the 82-year (October 1921 to September 2003)
modeling period by the percent of hours of generation at turbine capacity for selected
CALVIN hydropower facilities with integrated hydropower and water supply operations.
The proposed hourly varying energy price scheme increases the revenue per capacity use,
as indicated by the slopes of the linear regression lines. The divergent regression lines also
imply that these hydropower plants are mostly operated for shorter durations in a given
month. Hyatt is operated more at turbine capacity compared to other modeled plants.
When water availability is greater, such as in wet months and years, plants are operated
during most hours and generate more revenue.

CALVIN covers Sacramento, the San Joaquin Valley, and southern California. Water
year types (WYTs) are runoff indices used in Sacramento and the San Joaquin Valley, the
northern and southern parts of the Central Valley [27]. Since a WYT index is unavailable for
the much drier southern California region, plants in this area are excluded from the WYT
analysis. Hydropower generation increases during wetter years. The average hydropower
generation in the Central Valley CALVIN facilities differs by water year types, as shown in
Table 4. In wet and above-normal years, generation with constant monthly prices is higher,
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whereas generation in other year types is fairly similar. During periods of abundant water,
hydropower operations become more prominent. As water becomes scarce, water supply
operations for agricultural and urban users dominate over hydropower operations, so more
hydropower production becomes incidental. As water availability decreases from wet to
critically dry years, discrepancies in generation and revenue between the two pricing types
increase. In wet years, revenues are highest, while the average annual generation with
constant prices, 16.3 TWh per year, exceeds generation with variable prices, 15.7 TWh per
year. When the WYT is below normal, the average annual generations are equal, although
revenue with variable prices, USD 501 million per year, exceeds the annual average revenue
of USD 367 million per year with constant prices. Only in dry years does variable price
generation exceed constant price generation. Because water year types are not evenly
distributed, the overall average generation and revenue with constant and variable prices
do not align with historical averages. Hydropower revenue is underestimated for all year
types with constant average prices. With hourly varying prices, hydropower revenue
increases by 28% in wet years to 40% in critically dry years, with an overall average increase
of 33% for all Central Valley facilities.
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Figure 6. Modeled monthly generation and percent hours of generation in a given month for selected
hydropower plants. Variable energy prices increase revenue by percent of generation hours.

Table 4. Modeled generation and power revenue in different water year types for the Central Valley
facilities. The drier the year, the more the revenue changes and the more impactful having variable
pricing schemes are.

Year Type Average Generation (TWh/Year) Average Revenue (USD M/Year) Revenue Change (%)
Constant Price Variable Price Constant Price Variable Price

Wet 16.3 15.7 548 701 28
Above Normal 12.8 12.4 436 569 31
Below Normal 10.9 10.9 367 501 36
Dry 9.4 9.5 313 435 39
Critical 7.3 7.2 242 338 40

Central Valley Average 12.0 11.8 403 535 33
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3.2. Water Supply Operations

Scarcity occurs when a user’s demand is not completely fulfilled (when scarcity
costs are positive). CALVIN has water delivery targets for development, land use, and
population estimates, for each agricultural and urban demand area, for the year 2050. Water
is allocated from the statewide water system to agricultural, urban, and environmental
users to meet these target demands. The difference between target demand and actual
delivery is defined as the water shortage or scarcity amount. The objective of CALVIN is to
minimize statewide scarcity and operating costs.

The proposed hourly varying price scheme has little overall effect on water supply
operations from surface reservoirs (Figure 7). Shasta’s storage is slightly greater in March
and Don Pedro’s storage is greater in June through November with hourly variable energy
prices. Consistent water supply operations alongside higher hydropower revenue suggest
an improved representation of hydropower with hourly varying energy prices.
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Figure 7. Modeled monthly average reservoir storage of selected facilities. Reservoir operations are
little affected when variable energy prices are used.

3.3. Pumping Plant Operations

A similar variable energy pricing method is also applied to CALVIN’s pumping plant
operations. However, in this case, moving average curves of hourly energy prices are
calculated in descending order of prices, meaning that for economically optimal pump-
ing operations, plants should operate when prices are lowest (Figure 3). This is easier
achieved when pumping plants have forebays and afterbays. Plants with a forebay can
store water during high-energy-price periods (peak times) and commence operations dur-
ing low-energy-price periods (off-peak times). Six of twenty-four pumping plants have
major afterbays and are modeled with variable average prices in CALVIN. The remaining
pumping plants use constant monthly average energy prices.

When hourly varying prices are used, the annual average pumping energy costs
decrease by 10 to 59% (Table 5). The Banks pumping plant’s energy use increases by
30 GWh, while O’Neill’s energy use decreases by 6 GWh per year with variable prices.
However, the total statewide energy usage remains constant. With constant monthly
average energy prices, CALVIN’s pumping plants use 12,574 GWh of energy with an
annual cost of USD 442 million per year. However, without causing significant changes
to agricultural and urban deliveries, the statewide optimized annual average pumping
cost was reduced to USD 430 million by simply using hourly varying energy prices in
modeling pumping operations, resulting in a savings of about USD 12 million per year
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(a 3% reduction). The difference in pumping costs between constant and hourly varying
price schemes may be small compared to the annual total pumping cost. This could be
partly because either the plants modeled with hourly varying prices have small capacities
or their pumping capacity is not fully utilized. Additionally, only 6 of 24 pumping plants
are modeled with varying energy prices due to data availability and the applicability of the
method. However, this shows that plants with a forebay have more flexibility for operations
and reduced operating costs.

Figure 8 shows the monthly energy cost by percent of hours of operation for the Banks
and Oso pumping plants. Overall, the energy costs are lower with hourly varying prices
for both plants. But the Banks pumping plant is operated in most hours of a given month,
so its regression line has greater slope with variable prices. As discussed earlier, when a
plant operates during most hours, the constant average and hourly varying energy price
schemes converge. Operations at the Oso pumping plant do not exceed 50% of hours in a
given month. So, using constant average monthly prices greatly overestimates pumping
energy costs.

Table 5. Modeled annual average pumping plant operations with constant and hourly varying energy
prices. Variable energy price scheme results in less pumping costs.

Facility
Discharge Rate (m3/s) Energy Use (GWh/Year) Energy Cost (USD M/Year) Energy Cost

Change (%)Constant
Price

Variable
Price

Constant
Price

Variable
Price

Constant
Price

Variable
Price

Banks a 148.71 152.69 1130 1160 39 36 −10
Del Valle a 0.06 0.06 0.10 0.10 0.0044 0.0018 −59
Gianelli a,b 31.83 31.81 198 198 9 5 −41
O’Neill a,b 24.49 20.54 37 31 2 1 −40
Oso a 31.37 31.37 225 225 8 5 −41
South Bay a 0.06 0.06 1.28 1.28 0.0555 0.0242 −56
Others 845.95 841.90 10,983 10,959 384 383 0

Statewide 1928 1920 12,574 12,574 442 430 −3

Notes: a Modeled with hourly varying prices; b operated for both pumping and power generation.
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4. Discussion

Hydropower plants with large water storage capacities are operated mostly to meet
peak energy demands, especially when they have afterbays, while run-of-river plants run
continuously, depending on water availability. For plants with large storage capabilities,
energy releases in peak hours have greater profits because energy prices during these
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hours are much higher. So, in a given month, these peak hours are targeted to maximize
hydropower revenue. For plants with small storage capacities or run-of-river plants, the
effectiveness of the proposed hourly varying energy prices method is limited, as they
operate continuously throughout most of a given month. In addition, when there is
less energy price variation, constant monthly average and variable prices converge and
variable energy prices does not improve revenue estimates. However, in energy markets
with significant variations, assuming constant energy prices for monthly models greatly
underestimates hydropower revenue and overestimates pumping energy costs.

5. Conclusions

A simple method was used to implicitly represent hourly varying energy prices in
monthly time-step, large-scale model operations, without affecting model runtime and
water supply operations. Instead of having to run in hourly time steps, the method
uses price duration curves and estimates hourly varying prices as a function of hours of
operation at turbine or pumping plant capacity to capture hourly price variations in models
with large time steps and better represent hydropower and pumping plant operations.
The proposed method was applied to CALVIN, a hydroeconomic optimization model for
California’s intertied water supply system. Thirteen of thirty-three hydropower plants
with afterbays and 6 of 24 pumping plants with forebays are modeled with hourly varying
prices in CALVIN.

The model results were improved with variable prices, leading to increased hy-
dropower revenue with a slight reduction in generation and decreased pumping costs.
Overall, the use of constant energy prices tends to underestimate hydropower benefits and
overestimate pumping costs.

The representation of hourly energy price variability had only a small, but sometimes
significant, impact on overall water operations, particularly in drier years when water avail-
ability is limited. The proposed method did not increase water shortages, and water supply
operations from reservoirs remained unchanged. The existence of afterbays and forebays
in hydropower and pumping facilities provides operational flexibility and supports the
utilization of hourly energy price variability to increase benefits and reduce costs. Forebays
and afterbays also facilitate the implicit representation of variable energy prices in monthly
models. This technique and its application demonstrate that it is sometimes possible to
adequately represent short-period (hourly) phenomena and performance in long-period
(monthly) models. This method can be applied to any model representing a hydropower
facility with an effective afterbay or a pumping facility with a forebay, thereby improving
the integration of hydropower and pumping operations into longer-term water resource
system models.
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